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ABSTRACT
Chemical and Electronic Surface Structure of Chalcopyrite-based
Thin Films for Solar Water Splitting
By
James C. Carter
Dr. Clemens Heske, Examination Committee Chair
Professor of Chemistry
University of Nevada, Las Vegas

In recent years, various thin film solar devices have reached markedly high efficiencies on both
the laboratory and large area scale. To further evaluate their potential, and help drive device
optimization of efficient solar devices, a detailed understanding of the chemical and electronic
structure of the surfaces and interfaces is required. It is these interfaces that play a pivotal role in
dictating aspects of device performance. Chalcopyrite-based materials, such as Cu(In,Ga)S2
(CIGS) are regarded as one of the most promising absorber materials for use in highly efficient
solar devices. In the context of photoelectrochemical (PEC) hydrogen generation, the tunability of
the band gap, and possibly the band edges of these materials, relative to the water splitting
potentials, make them interesting candidates for utilization in advan ced, direct PEC water-splitting
devices.
In this dissertation, the chemical and electronic structure of CIGS-based thin films, and
their interfaces to cadmium sulfide (CdS) buffer layers, are investigated by a number of different
soft x-ray and electron spectroscopic techniques, including: X-ray photoelectron spectroscopy
(XPS), Ultraviolet photoelectron spectroscopy (UPS), Inverse photoemission spectroscopy (IPES)
at UNLV, and X-ray emission spectroscopy at the Advanced Light Source (ALS), Lawrence
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Berkeley National Laboratory. XPS and XES are utilized to determine surface and near-surface
chemical composition, respectively. UPS and IPES are mutually complementary techniques used
to experimentally derive the surface band gap by probing the valence band max imum (VBM) and
conduction band minimum (CBM), respectively. The combination of XPS, UPS, and IPES allow
for the full and direct determination of the band alignment at the interface. Other facets of this
dissertation involve monitoring the formation of the buffer layer/absorber interface as a function
of CdS buffer layer thickness, investigating the effects of an annealing treatment on the thickest
buffer layer sample, and comparative analysis of the surface electronic properties between copperpoor and copper-rich chalcopyrite-based absorbers. For these purposes, specific sample sets were
designated by UNLV and prepared by the Hawaii Natural Energy Institute (HNEI). These
optimized samples allowed for the characterization of the electronic structure at the
buffer/absorber interface, including the band alignment, band edges, and band gaps. In the last part
of this dissertation, a summary of everything we know about the band alignments of chalcopyritebased materials investigated hitherto by the Heske research group will be discussed, including
band edges, surface band gaps, and work functions, as they relate to PEC water-spitting devices.
The goal of this dissertation is to perform advanced spectroscopic analysis of the electronic
and chemical structure of chalcopyrite-based materials used for direct water-splitting. In addition
to the composition and chemical bonding of the absorber and buffer interface formation, a
comprehensive and direct determination of the band alignment at the interface is presented. These
experimental results will provide valuable information about pertinent interfaces, helping PEC
researchers identify promising materials candidates for cost-effective solar hydrogen production.
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CHAPTER ONE
INTRODUCTION
1.1

Motivation

Hydrogen is regarded as an indispensable industrial and agricultural chemical commodity, having
considerable economic significance, with an annual US production alone of 20 billion kg [1,2].
There is a multitude of uses for hydrogen gas, some more intuitive than others, as it is ideal for a
broad range of applications. The two largest consumers of hydrogen are chemical cracking and the
synthesis of ammonia via the Haber-Bosch reaction [1]. Unfortunately, hydrogen gas is not found
freely in nature and is typically generated by steam reforming; a process which relies heavily on
methane gas and/or other similar simple hydrocarbon fuels [3]. Steam reforming also produces
carbon monoxide and carbon dioxide as byproducts. Hydrogen gas has also been produced by
methods like electrolysis, though this comes at a much greater expense of energy because it
requires the use of grid-based electricity to drive the reaction. Identifying a clean, sustainable, and
economical source of hydrogen continues to be one of the primary goals of energy production to
date. Yet, recent years have seen an appreciable increase in the development of pathways towards
clean and sustainable hydrogen production. Identifying and developing alternative sources of
hydrogen is vital to our future energy needs.
Photoelectrochemical water splitting (PEC) makes use of two very abundant natural
resources, water and sunlight, to produce hydrogen and oxygen gases. Considering the abundance
of water and the substantial amount of solar energy reaching
attractive pathway for producing sustainable hydrogen fuels. For all intents and purposes, water
and sunlight are virtually inexhaustible natural resources. However, in order for PEC to become a
-growing energy demands, several important milestones must
be reached. These milestones include advancements in material stability and optimization of
1

optoelectronic properties of device components, in particular device efficiency. Although more
and more complex materials have been integrated into various photovoltaic (PV) and PEC devices,
efficiencies are still well below the theoretical limit put forth by Shockley and Qu eisser [4], which
places the maximum solar conversion efficiency of approx. 33.5% for a material with a band gap
of 1.4 eV.
One key challenge for successful PEC lies in identifying a solar absorber material that
exhibits an appreciably wide band gap, has an optimized electronic structure at the
electrode/electrolyte interface, is stable under normal operating conditions over the lifetime of the
device, and can be manufactured at acceptable costs. Chalcopyrites, such as Cu(In,Ga)(S,Se)2
(CIGSSe), are regarded as one of the most promising absorber materials for use in highly efficient
solar devices, due to their tunable band gap and cost-efficient thin-film fabrication [5-6]. However,
the band edges of these materials are not optimally aligned with the redox potentials necessary for
evolving hydrogen and oxygen gas. Therefore, a detailed understanding of the surfaces and
pertinent interfaces of these materials, as they relate to the energetics required for water splitting,
is needed for further advancements. It is thus the goal of this dissertation to use sophisticated
electron and x-ray spectroscopies to fully characterize the surfaces of CIGSSe-based thin films
and their interfaces with a CdS buffer layer.
This work is embedded in a collaboration led by Dr. Nicolas Gaillard at the University of
Hawaii (UH) and its Hawaii Natural Energy Institute (HNEI), with partners at Stanford University
(SU), and the Lawrence Livermore National Laboratory (LLNL). In this team, the most advanced
techniques in materials synthesis, theory, and characterization are being leveraged to identify and
develop novel chalcopyrite materials for direct solar water splitting.

2

1.2

Photoelectrochemical Water Splitting (PEC) for Hydrogen Production

There are many ways to produce hydrogen from water and sunlight, including thermochemical
conversion, PV electrolysis, and PEC. Of all the solar-to-hydrogen pathways, direct PEC is one of
the prominent contenders. The PEC approach is simple and elegant - in theory. Shining light on a
suitable semiconductor submerged in an aqueous solution catalyzing electrochemical reactions
involved in the cleaving of water molecules, PEC ultimately forms hydrogen and oxygen gases.
Simple in theory; still a challenge in practice. PEC materials still face several hurdles with regards
to efficiency, durability, and cost. Further identification and optimization of novel materials is
needed for successful, large-scale solar hydrogen production.
There exists a bifurcation in PEC photocathode development between the use of metaloxides versus III-V and other semiconductors. The downside to employing metal oxides is that
they often exhibit too large of a band gap and poor charge transport properties [7]. Conversely, IIIV semiconductors embody an appropriate band gap and appreciably high absorption coefficient,
leading to excellent PV and PEC performance [8]. However, they are expensive and not stable
over desired PEC device lifetimes in caustic environments [9]. Chalcopyrites thus present a
particularly interesting alternative: they lead to excellent PV performance with conversion
efficiencies above 23% [10], with cost-efficient thin-film fabrication and promising stability
properties. Therefore, an in-depth investigation of the electronic properties of prospective
chalcopyrites for PEC is crucial for reaching a better understanding and, hopefully, leading to the
breakthroughs necessary to make (chalcopyrite-based) PEC a reality in a future sustainable energy
portfolio.
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1.3

Chalcopyrite-based Solar Devices
1.3.1 From PV to PEC

The photovoltaic effect was first described in 1839 by Edmund Becquerel; he observed the
generation of electrical current after shining light on a silver-coated platinum electrode submerged
in electrolyte. Almost forty years later, in 1876, the first solid-state PV device was constructed by
pressing a sheet of selenium between two platinum electrodes [11]. With the emergence of PV
materials, single crystal and polycrystalline silicon solar cells have become commonplace. More
recently, novel polycrystalline thin film solar cells have entered the market, such as CIGSSe and
CdTe, which display a high light absorption coefficient (above 90% absorption within just a few
micrometers of material thickness) and therefore offer lower fabrication costs than conventional
Si-

CuInSe 2 (CISe)-based PV device was debuted

when the Carter group at Salford University, in England, successfully annealed a CISe single
crystal [12]. Their unique structure and electronic properties arise from their composition as a
semiconductor [13]. Since then, advancements for chalcopyrite-based
materials include widening the band gap in the absorber by partial substitution of indium for
gallium, incorporating sulfur, reducing the thickness of the CdS buffer layer or replacing it by a
Cd-free alternative buffer, and using low-cost soda-lime glass as a substrate. By leveraging the
knowledge gained from the PV community, and their success in developing high -efficiency
CIGSSe devices, we expect the chalcopyrite materials class to also play an important role in PEC.
Today, CIGS-based PV devices have reached efficiencies above 23%, a significant
development since Boeing produced a 9.4% efficient device in 1981 [14]. Shay and Wernick
published one of the earliest comprehensive reviews of chalcopyrite-based semiconductors, which
covers the physical and opto-electronic properties of several chalcopyrite class materials [15].

4

1.3.2 PEC Requirements
It has been previously mentioned that solar water splitting, though fundamentally simple, is no
trivial matter. There are many requirements, some seemingly contradictory, which all need to be
simultaneously satisfied. The photoelectrode alone needs to fulfill numerous tasks simultaneously:
it must absorb light, separate and transport charge, and produce either hydrogen or oxygen gas at
its surface when interfaced with an appropriate electrolyte. PEC involves complex light-matter
interactions and distinct semiconductor and electrolyte properties [16]. For successful water
splitting, the material must have an optimized band gap and electronic structure at the
electrode/electrolyte interface and be stable under normal operating conditions over the lifetime of
the device. To discuss these aspects, first the requirements for high -efficiency PV devices are
presented. These requirements will then be compared and contrasted to those necessary for PEC.
Basic requirements for PV include absorption of photons within a semiconductor, creation
and separation of electron-hole pairs with minimal recombination, followed by the separate
collection of electrons and holes, and finally the subsequent induction of current via a currentcollecting electrode. Similarly, the first two steps are virtually identical for PEC - absorption of
photons and creation/separation of electron-hole pairs. However, PEC devices differ in that the
electron-hole pairs are used to drive the complementary half-reactions involved in water splitting.
Additionally, the PEC semiconductor must also simultaneously satisfy several other
requirements, including sufficiently fast charge transport and kinetics at the semiconductorelectrolyte interface, maintaining long-term stability under acidic operating conditions, and being
able to efficiently absorb a considerable portion of the solar spectrum. The latter requirement is
coupled to the requirement that the semiconductor must be able to absorb solar photons with
energies greater than 1.23 eV to drive the water splitting reaction. Currently, many of the materials

5

that have suitable solar absorption traits for water splitting mostly absorb light in the ultraviolet
range. Furthermore, the semiconductor should be a direct band gap material with a high optical
absorption coefficient. For example, CuInSe 2 (with a bulk band gap of 1.04 eV [17]) exhibits an
extremely high absorption coefficient of ~3x104/cm [18-20]. Nearly 95% of the incident photons
can be absorbed by films only micrometers thick. In contrast, indirect solar absorbers (e.g., Si)
require far greater thicknesses for substantial solar absorption and in order to create electron-hole
pairs. In addition, the energies of the valence and conduction band edges of any potential PEC
material candidate must be suitable to supply the necessary overpotential for the oxygen evolution
reaction. To date, no single material that simultaneously meets all of the aforementioned
requirements has been identified.
Though Cu-based chalcopyrites, such as CIGS, have conventionally been used as absorbers
in thin-film PV, they do not exhibit favorable band alignments for PEC hydrogen production.
However, other alternative chalcopyrite-based materials (and their alloys) can yield tunable band
gaps and band-edge positions that may make for favorable material candidates. The key assets
being a direct absorber, thin film semiconductor material with a tunable band gap and
demonstrating an outstanding photon to electron conversion efficiency. One goal of this
dissertation is to help identify suitable pathways to develop novel, wide band gap, chalcopyritebased PEC photoelectrodes for renewable hydrogen production via solar water splitting.
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1.3.3 Structure of a PEC Cell
PEC cells involve a variety of processes including photon absorption, the creation and separation
of electron-hole pairs, charge transport, and a multitude of interfacial reactions. The main
workhorse of the PEC cell is the semiconductor absorber, as it is responsible for absorbing incident
photons and utilizing their energy to create the electron-hole pairs. In order to design an efficient
PEC water splitting device, it is therefore necessary to understand the fundamental physics of a
semiconductor. The spectral region of light in which a semiconductor can absorb photons is
dictated by the band gap of the material. The minimum band gap required for PEC hydrogen
production is the sum of the energy required to split water (1.23 eV), plus an additional amount of
energy to compensate for inherent thermodynamic losses (~0.3

0.4 eV) and overpotentials

necessary for overcoming any kinetic barriers (~0.4 0.6 eV). In theory, provided the energetics
of the band edges are optimally aligned, a minimum of ~2.0 eV must be generated per absorption
process in order to drive the desired reactions. An upper limit on the band gap also exists. It is
imposed due to the inherent lack in intensity of sunlight at wavelengths below 400 nm, which
corresponds to an energy of 3.1 eV.
Solar cells are, by definition, a diode

a semiconductor device with two terminals, which

generally allows current to flow in one direction. In the case of a PEC cell with an n-type
semiconductor absorber, photogenerated electrons are swept toward a back contact and ultimately
transported to a metal counter electrode via an external wire. It is at the surface of the counter
electrode where the photogenerated electrons participate in a half reaction reducing water forming
hydrogen gas. In parallel, the corresponding photogenerated holes migrate toward the
semiconductor/electrolyte interface, where they participate in the complimentary half reaction
oxidizing water and forming oxygen gas.
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Thin film devices are typically made up of a multitude of layers and, consequently, a
number of different heterojunctions exists. For example, a heterojunction is formed in a PV device
between the p-type chalcopyrite absorber layer and the transparent n -type buffer layer. A Mocoated soda lime glass typically serves as the substrate

the Mo serves as the back contact. The

absorber is deposited atop of the Mo-coated glass (in this case comprised of a p-type chalcopyritebased thin film). The heterojunction arises from the deposition of a thin (50 nm) n -type buffer
layer. This is all capped with an additional layer of a transparent conductive oxide that serves as a
front contact, as well as a physical protective barrier. The
between these two dissimilar materials will establish a built-in electric field, induced by the
formation of the p-n junction

a phenomenon discovered by chance at Bell Telephone Labs in

1940 [21]. It is this intrinsic electric field which prevents recombination of electron-hole pairs, but
only if the separation and extraction of the charge carriers occurs on a time scale that is faster than
that of the recombination process.
A rudimentary PEC water-splitting device can be constructed from a single p- or n-type
semiconductor, or it can be constructed from two (or more) semiconductors connected in series.
The half reactions proceed when the voltage generated by the PEC device is greater than the
electrochemical potentials required to split water (plus additional voltage required to cover
necessary overpotentials).

1.3.4 The Cu(In,Ga)(S,Se) 2 Absorber
Initial applications envisaged for chalcopyrites included integration into a variety of optics, visiblelight emitting diodes, and photodetectors [22]. Much of the pioneering work regarding the growth
and structural characterization of chalcopyrite-based compounds was conducted by Hahn et al. in
1953 [23]. Again, a more comprehensive review of chalcopyrites is available by Shay and Wernick
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[15]. By and by, chalcopyrites were also being investigated for their potential use in PV, as some
chalcopyrite-based absorbers, i.e., CuInSe 2, exhibited band gaps in close proximity to one of the
two theoretical maxima derived from the Shockley-Queisser efficiency limit plot for solar energy
conversion.
efficiency chalcopyrite PV devices, for example replacing the traditional borosilicate glass with
soda-lime glass. Originally implemented to help reduce fabrication costs and to pair the absorber
with a material having a more evenly matched thermal expansion coefficients, it was later shown
that the incorporation of sodium (by diffusion) from the glass substrate substantially improves the
overall performance of the device [24,25]. The band gap of the absorber was optimized by
substituting Ga for In [26], as well as by replacing the 1-2 um thick (Cd/Zn)S buffer layer with an
ultra-thin (50 nm) CdS coupled with a conductive ZnO layer [27]. Last, operating voltages and
current collection capabilities have been improved by engineering band gap gradients within the
absorber [28]

-d

employed [29,30].
Chalcopyrite absorbers with a Se-based absorber have thus successfully been used as highefficiency solar absorbers in thin-film PV devices. The Se-free variant (CIGS) has been shown to
suffer from non-ideal band edge alignments with respect to the hydrogen evolution reaction [31].
Furthermore, the band gaps of these materials are often too narrow for PEC hydrogen production
(1.0 1.6 eV). In the end, the design of an absorber for PEC hydrogen production requires tuning
of the band gap for optimal solar absorption (in the surface-near bulk) and of the band alignments
at the surface/interface to the electrolyte for optimal charge transfer. To achieve all of this, multijunction configurations are typically employed, whereby both p- and n-type semiconductors with
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differing band gaps are coupled together to best enable charge transfer [32]. This is commonly
done through the addition of an optimally paired buffer layer [33].

1.3.5 The CdS Buffer Layer
Aside from the intrinsic ability of a buffer layer to influence the electronic properties at the
absorber/buffer interface, buffer layers are also employed to protect the absorber surface in
subsequent process steps, and the process of depositing the buffer layer typically cleans (and in
some cases conditions) the absorber surface. For example, CdS buffer layers are commonly applied
by chemical bath deposition (CBD), a process which entails a wet chemical deposition with a
complex deposition chemistry. A pre-treatment step, in which the absorber is first rinsed in a KCN
solution, is also often employed (in particular for Cu-rich chalcopyrite surfaces). This rinsing has
been shown to not only reduce the amount of oxygen and carbon at the surface , but also to
preferentially etch away Cu xS from the surface [34]. To date, the most efficient buffer layer used
in conjunction with Cu-based chalcopyrites is CdS. Although other alternative buffer layers have
attracted considerable interest as of late, e.g., Zn(O,S) or In(O,S), CdS remains an industry
standard [35,36]. There does exists one significant drawback with CdS, namely the need for
processing the heavy metal Cd. Furthermore, for PEC, it is not durable under typical PEC operating
conditions, e.g., at low pH. This is an aspect being investigated by our collaboration partners [9].
The overall efficacy of a semiconductor junction vitally depends on the energetics at the
interface; more specifically it depends on the proper alignment of the energy bands at the interface.
To a large extent, these parameters define the electronic structure of the device and govern the
processes of charge transport across the interface, as will be discussed more in section 2.2.7.
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1.4

Dissertation Structure

This dissertation is organized into three parts. The first part covers relevant background
information and basic principles of chalcopyrite thin-film PV and PEC for solar hydrogen
production. Following the motivation and introduction of our research (Chapter 1), the next chapter
of this dissertation provides an overview of experimental methods and th eir underlying theoretical
background, as well as a description of measurement parameters (Chapter 2). The third part of this
dissertation investigates the chemical and electronic structure of chalcopyrite-based thin-films
used in PEC water-splitting devices for solar hydrogen production. Beginning in Chapter 3, the
chemical and surface electronic properties of a Cu-poor and a Cu-rich sulfur-based chalcopyrite
(CIGS) absorber are compared and contrasted, revealing differences in the band edge positions
that will be shown later to affect the electronic band alignment between the absorber and the buffer
layer. In Chapter 4, a discussion of the interfacial band alignment formed between cadmium sulfide
and both a Cu-poor and Cu-rich CIGS2 absorber is presented. In Chapter 5, a compilation of
electronic properties of chalcopyrite-based materials investigated hitherto by the Heske research
group, e.g., work functions, band edge positions, and band alignments, all shown with respect to
water-splitting potentials, are given. This information allows to distinguish previously investigated
chalcopyrite-based absorber materials from the perspective of their suitability for water-splitting,
and to derive optimal strategies for further optimization of wide-gap chalcopyrite absorbers for
solar PEC. A final summary and outlook is provided in Chapter 6.
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CHAPTER TWO
EXPERIMENTAL TECHNIQUES

2.1

Introduction

The goal of this chapter is to introduce the specific scope of advanced soft x -ray and electronbased spectroscopies used in this dissertation

chiefly x-ray and ultra-violet photoelectron

spectroscopy (XPS and UPS, respectively), as well as inverse photoemission spectroscopy (IPES).
The objective is to provide a general understanding of the principles behind each technique and to
highlight their merit as analytical methods for illuminating the chemical and electronic properties
of solid surfaces. Chapter 2 begins with a brief description of the ultra-high vacuum (UHV)
equipment located at the University of Nevada, Las Vegas (UNLV), followed by an overview of
soft x-ray and electron-based spectroscopy and a description of the synchrotron-based experiments
performed at the Advanced Light Source (ALS) at the Lawrence Berkeley Nation al Laboratory
(LBNL). The chapter concludes with details on surface cleaning by ion-stimulated desorption.

2.2

Lab-based Spectroscopies
2.2.1 Ultra-High Vacuum (UHV) Chamber and Spectrometer Description

The XPS, UPS, and IPES experiments were performed at UNLV on a multi-chambered ultra-high

famous acronym representing one of the experimental techniques: Electron Spectroscopy for
Chemical Analysis (ESCA), an acronym coined by one of the pioneers of electron spectroscopy,
Kai Siegbahn at Uppsala University [1]. The chamber is primarily constructed of -metal, a high
permeability metal alloy that acts as a shielding against any magnetic fields that could interfere

15

with the paths and detection of (slow) electrons. At pressures nearing 10 -11 mbar, the composition
of the residual gas consists primarily of H2, H2O, N2, CO, and CO 2. At such low pressures,
electrons are guaranteed a sufficient mean free path to reach the spectrometer without energy loss
or absorption.
At the heart of XPS and UPS is the collection of an electron kinetic energy spectrum, in
our case using a hemispherical analyzer (HSA) comprised of two concentrically placed
hemispheres with a 150 mm mean inner radius. The HSA is able to detect electrons over a kinetic
energy (KE) range up to 3.5 keV. Electrons are transmitted from the sample surface through the
analyzer by electrostatic lenses and a retardation section, and only electrons of a given energy (the
pass through the full deflection angle of the hemisphere from the
entrance slit to the detector. In the retardation section, the retardation voltage reduces the kinetic
energy of the probed electrons by the difference between their kinetic energy and the desired PE.
The PE is proportional to the difference between the applied voltages across the two hemispheres
and influences both the energy resolution of the spectrometer, as well as the intensity of the
recorded spectrum (a lower PE leads to a higher energy resolution and a lower intensity). Electrons
deviating from the PE (within a certain energy window) will no longer be able to reach the detector
and will ultimately collide with one of the hemispheres. A schematic diagram depicting the basic
principle of the spectrometer is shown in Figure 2.1.

16

Figure 2.1
Basic principle of a modern photoemission spectrom
(produced by either Al K or Mg K x-ray anodes for XPS or a gas discharge lamp for UPS)
become incident on a sample surface, causing photoemission of an electron. Photogenerated
electrons emitted within the acceptable range of energies eventually arrive at the detector. The

2.2.2 Photoelectron Spectroscopy (PES)
The photoelectric effect involves the excitation, and subsequent ejection, of an electron from a
solid surface by means of an incident photon. Inspired by this effect, Einstein propounded that
light was actually composed of packets of quantized energy.
With the investigation of the photoelectric effect came the inception of PES; an
indispensable and prevalent tool for investigating both the chemical and electronic structure of
17

surfaces and interfaces. PES is expressed in terms of a transition between initial and final states of
an electronic system. The transition probability is given by Fermi
the rate of transition (per unit time) involving single-excitation perturbations. A reduced version
of a more general form of

is given by equation 2.1.
(2.1)

Here, the emission rate is described as being proportional to the square of a matrix element which
describes the interaction of a photon (the Wechselwirkungs-Operator WW) acting on an N-electron
system in the initial state i and its transition to a specific final state f. The delta function guarantees
energy conservation, ensuring that the energy difference between the initial and final state exactly
equals the energy of the exciting photon (

). As an example, in XPS the initial state would

correspond to a ground state in which all core levels and valence band states are occupied, and the
final state would, e.g., correspond to an excited N-1 electron system (a core hole in the case of
XPS) plus an emitted electron. The energy of incoming photons and outgoing electrons are related
by a variant of the fundamental photoelectric equation
s

(2.2)

where BE represents the binding energy of the electron. Emitted electrons then have a kinetic
energy equal to
BE

s

(2.3)

s

barrier existing at the surface of a material that prevents electrons from escaping into vacuum, i.e.,
the minimum amount of energy required to remove an electron from a solid surface into the
vacuum level. The work function will be explained in more depth in Section 2.3.3.
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2.2.3 X-ray Photoelectron Spectroscopy (XPS)
During the photoionization process, the absorption of an incident x -ray photon by an atom leads
to the emission of an electron beyond the vacuum level of a solid surface. For every element there
will be a quite (though not totally) unique binding energy associated with each core -level atomic
orbital and, therefore, spectral lines are identified by the shore-level shell from which the electron
was ejected. Electrons are typically analyzed with respect to their kinetic energy. From which it is
possible to elucidate the chemical composition of the sample at the surface. XPS is a powerful, yet
elegant, technique widely used to investigate the chemical composition of solid surfaces. With
excitation energies within the range of 1-1.5 keV (Mg or Al K radiation at 1253.6 eV or 1486.6
eV, respectively), these photons penetrate the solid on the order of a few hundred nanometers [2].
A schematic diagram of the x-ray photoemission process is presented in Fig 2.2 (a).
Some of the earliest work in XPS was done by Robinson, Rawlson and de Broglie. The
distribution of energy was determined with a magnetic analyzer, and the spectra consisted of broad
bands that were tentatively assigned to the binding energies of atomic shells. Not until many years
later, Siegbahn and colleagues at Uppsala University in Sweden devised a spectrometer capable of
resolving the broad bands originally observed by Robinson et al. The first spectra were collected

electrons from core level atomic shells.
By analyzing the distribution of kinetic energies of the emitted photoelectrons, it is possible
to identify the chemical composition of a solid surface. Because precise binding energies for a
given element can depend on the chemical environment, many chemical shif ts are indicative of
particular chemical bonds, e.g., metallic copper versus copper bonded to sulfur. In XPS, spectral
lines correlate to the core-level atomic shell from which the electron was ejected. The intensity,
19

proportional to the photoionization crossRule. Spectra are typically shown as a plot of the number of electrons emitted versus binding
energy (converted from the KE using Eq. 2.3), which is scanned in small, fixed energy intervals.
The predominant photoionization process in XPS gives rise to core-level photoelectron lines. They
are the most intense lines observed in an XPS spectrum and are relatively symmetric and narrow.
Other spectral components are due to x-ray satellites: Non-monochromatic x-ray sources emit not
only the desired characteristic x-rays but also other energies, which manifest as a series of
characteristic peaks of relatively small intensity

. Background

signals, which increase towards higher binding energies, are attributed to secondary electrons
(those that have been created by inelastic scattering processes throughout the sample prior to
escaping into the vacuum) and also electrons excited by Bremsstrahlung radiation originating as
an inherent characteristic of the x-ray source [3]. Energies are shown relative to the Fermi energy
and are obtained by electrically grounding the sample to the analy zer. The resulting spectrum is
the sum over all possible final states weighted by the transition probability. Spectra can rapidly
become very complicated as the number of elements in the material increases, though there are
many significant, and moderately simple, features contained therein that makes XPS an
indispensable analytical tool for studying material surfaces.
Calibration of the spectrometer is performed by assessing the linearity of the binding
energy scale at multiple intermediate energies. By using the Fermi energy level of the spectrometer
as a reference and measuring well-defined core-level peak positions of pure metallic samples of
gold, silver, and copper, the calibration spans the binding energy range between 0 -1000 eV. For
further explanation of experimental techniques, including calibration, readers are encouraged to
reference

Practical Surface Analysis [2].
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Figure 2.2
Schematic diagram of several x-ray and electron spectroscopy processes, as
depicted in a single-particle model (taken from Ref. [4]). For XPS, electrons are excited above the
vacuum level by photons of energy
> BE + s. For the Auger process, an initial core hole
created by a preceding photoemission process is filled by an electron from a higher level, releasing
a discrete amount of energy that is given up to an electron that is subsequently ejected from the
atom. This two-electron rearrangement results in a final state with two holes. For UPS, electrons
are again excited above the vacuum level by photons of energy
> BE + s., but with lower
photon energy to study electrons from the valence band. In the IPES process, a slow electron is
placed in an unoccupied electronic state and decays into a lower-lying state in the conduction band,
emitting a UV photon in the process. XAES, XAS, and XES are also depicted. In all cases, the
spectral intensity is proportional to the transition probability given by Ferm
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2.2.4 X-ray excited Auger Electron Spectroscopy (XAES)
The second most prominent set of peaks observed in an XPS spectrum correspond to Auger
transitions a secondary, non-radiative decay process that occurs during the filling of a core hole
by an electron from a higher occupied electronic state, the initial core hole having been created by
preceding photoemission.
Ultimately, this gives rise to a second ejected electron whose kinetic energy is inherently
independent of the initial excitation source. Auger spectra appear as a collection of rather broad,
seemingly unresolved lines. Though, upon closer inspection, the spectra contain a complex fine
structure and are actually a superposition of all possible transitions for a given Auger series. The
notation distinguishes the various initial and final core-hole vacancies for a particular transition
series. For example, given L2M2,3M2,3, the L2 refers to an initial hole in the 2p core level (as L
corresponds to the quantum number n=2). This inner shell vacancy is populated by a 3p electron,
given by the second term in the notation M2,3, while an additional 3p electron is emitted as an
Auger electron, as identified by the third term. The two secondary holes from the Auger process
are indistinguishable because the energies, and corresponding wavefunctions, are the same.
Following the creation of the 2p core hole, via photoemission, the atom relaxes by filling
the core level vacancy with an electron from a higher level, in this example shown as M 2,3. As a
result of the preceding transition, the difference in energy between E L2

EM2,3 must either be

dissipated by emission of a characteristic photon or carried away by inducing the ejection of a
separate electron confined within the same or a higher energy level. Spectra can become
increasingly complex, depending on the coupling to higher energy shells, the hole-hole interaction
in the final state, and the subsequent number of possible relaxation c ascades that could occur
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during the Auger process. A schematic diagram of the Auger emission process (XAES) is shown
in Fig 2.2 (a).
Observed shifts in Auger spectra can be immensely useful for identifying unique chemical
environments, especially when evaluated in conjunction with photoelectron chemical shift data. In
many instances, a shift in a photoelectron core-level peak may be small (or even absent), yet the
Auger peak may shift appreciably. Auger emission spectra, combined with photoemission spectra,
can be used to construct

Wagner plot

-dimensional plot showing

measured values of kinetic energies for specific Auger peaks against measured binding energies
of a specific core-level peak. A series of diagonal lines indicates the calculated modified Auger
parameter values - the sum of the Auger kinetic energy and the core level binding energy [5].
The modified Auger parameter

is a powerful tool in determining the chemical

environment of a given element by monitoring changes in initial and final state effects. It is a
parameter that is neither affected by surface charging nor surface potentials, independent of the
excitation energy, and particularly useful for chemical stat
-level line) + KE(Auger line)

(2.4)

It is a variant of the original Auger parameter, modified by Gaarenstoom and Winograd [6] to
account for the photon energy. For a more detailed description of the Auger parameter, the reader
is referred to Wagner and Joshi [7].

2.2.5 Ultraviolet Photoelectron Spectroscopy (UPS)
In contrast to the soft x-ray excitation sources in XPS, UPS involves a much lower excitation
energy. This lower energy is only able to excite electrons contained within the valence band,
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lending UPS as an invaluable measurement technique for probing the occupied electronic states
just below EF. These low-energy photoelectrons give rise to complex spectra with information
about the energy band structure at the materials surface.
The excitation of the photoelectrons is accomplished by means of ultraviolet (UV) light; in
this case generated by a helium gas discharge lamp tuned to emit either He I or He II excitation
1.2 and 40.8 eV, respectively). The low energy of the UV photons allows only the
transmission of enough energy to cause excitation, and subsequent emission, of electrons in the
valence band or other shallow core levels of a given material. The onset of UPS spectra represents
the maximum energy level of the valence band and can be calibrated to the Fermi energy of a clean
Au foil reference. A schematic representation of the UPS process is shown in Fig 2.2 (b).
Fig 2.3 shows a survey spectrum of a pure Au foil. The spectrum consists of three
prominent features: the Fermi edge, the valence bands, and the secondary electron cut-off. The
Fermi energy (found at zero KE) reveals itself as a distinct step, given that it separates occupied
from unoccupied electronic states. Within the low-binding energy region (0-10 eV) are the valence
bands (VB); spectral features that reflect the materials density of states (DOS) and provide
information reflecting occupied electronic states. Electrons arising from within the first 3 eV below
the Fermi level come from the conduction band of the 6s-derived bands of Au, whereas the sharper,
stronger peak below 3 eV corresponds to the 5d valence electrons. Last, on the high binding energy
side, is the secondary electron cut-off (SEC), which consists of the slowest electrons
(corresponding to near-zero kinetic energies) emitted from the sample surface and are used for
determining the work function of the surface. In-between the SEC and the well-defined d-band
states, a steep secondary electron background arises from inelastic scattering of electrons on the
way to the sample surface.
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Figure 2.3
Survey spectrum of a clean Au foil reference, highlighting three prominent features:
the Fermi energy, valence bands, and the secondary electron cutoff (SEC). The spectrum was
calibrated such that the Fermi energy is found at zero energy.
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2.2.6
Electrons are inherently bound to a solid. The work function, of a uniform metal surface, is the
minimum energy necessary to remove an electron from deep inside a solid and place it, at rest, at
a point just outside the surface (i.e., into the vacuum level). The work function simply represents

difference between the vacuum level just outside the solid surface and the electrochemical
potential (Fermi energy) inside the solid. Work function data is obtained from SEC measurements
via UPS, and values are derived by linear extrapolation of the leading SEC edge. Given that, for
metals, the valence band is filled with electrons up to the Fermi energy, the wo rk function for
metals is analogous to the ionization energy; the energy required to remove an electron from the
valence band to the vacuum level. Fig 2.4 shows a schematic energy diagram of a metal. The
valence bands are filled with electrons up to the Fermi energy. The energy difference between the
Fermi energy and the vacuum level corresponds to the work function . For semiconductors, the
work function is based on a similar interpretation, except that the Fermi energy lies within the band
gap and only has a statistical meaning, as there are no allowed electronic states within the band
gap. Fig 2.4 shows a schematic energy diagram of an n-type semiconductor. The energy bands are
now separated by a band gap

g),

and the Fermi level is now located within the band gap.

In Chapter 5, the work function will be discussed in greater detail and, furthermore, used
to correlate vacuum-derived UPS measurements with values pertinent to the energy levels of
photoelectrochemical (PEC) water splitting. It will be shown that the work function will have a
significant influence on the alignment of energy bands at the interface between a solar absorber
and the PEC electrolyte.
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Figure 2.4 Energy diagram of a metal surface
(e.g., Au). The valence bands are filled with
electrons all the way up to the Fermi energy.
The difference in energy between the Fermi
energy and the vacuum level corresponds to
the work function.

Figure 2.5 Energy diagram of an n-type
semiconductor. Now the valence and
conduction bands are separated by a band
gap, and the Fermi level is now located
within the band gap.

2.2.7 Inverse Photoemission Spectroscopy (IPES)
Complimentary to UPS, inverse photoemission spectroscopy (IPES) is used to probe the energy
spectroscopy: x-ray absorption spectroscopy, for example, is also capable of probing the same
energy range). In particular, IPES is used to probe the unoccupied electronic states found within
the energy range above the Fermi level but below the vacuum level. These unoccupied states have
not been investigated as much, simply because of a lack of suitable experimental techniques.
During the study of x-ray and Bremsstrahlung radiation spectra, unusual findings concerning the
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high-energy side of the spectra were observed. It was later explained as being indicative of the
density of states above the Fermi level [8]. Inverse photoemission in the vacuum ultraviolet (VUV)
range was then first fully demonstrated in 1977 using a Geiger-Müller-type Dose detector [8].
Once designated as Bremsstrahlung Isochromat Spectroscopy (BIS), IPES has evolved into a
uniquely remarkable technique. A low-energy beam of collimated electrons is directed onto a
sample surface, with a small percentage of electrons relaxing into lower unoccupied energy states
within the conduction band of a semiconductor or a metal. The energy contained therein is
eventually emitted by means of either a radiative or non-radiative process. Any radiative decay
results in the emission of a detectable photon. Due to the nature of the excitation involved and the
fact that only a singular point in k-space is probed near the conduction band minimum, the crosssection for inverse photoemission is inherently low (approximately five orders of magnitude
lower) than that of direct PES [9]. This translates to a correspondingly low c ount rate, requiring
lengthy measurement times and dedicated custom-built experimental set-ups.
The apparatus for IPES consists of 3 parts: electron gun, energy analyzer, and detector. The
electron gun produces a narrow stream of electrons by thermionic emission from a low-workfunction barium oxide cathode emitter. At UNLV, we use a STAIB NEK-150 electron gun, which
features a very low energy dispersion and is especially well-suited for inverse photoemission.
Though the maximum energy of the electron gun is 100 eV, it has been optimized specifically for
low-energy applications. Emitted photons are detected by a home-built Geiger-Müller Dose-type
detector

a gaseous ionization detector that consists of two electrodes between which several

hundred volts are applied [10]. Bandpass characteristics are established by pairing select
transmission windows with various counting gases. In our case, a strontium fluoride entrance
window serves as a high-energy optical bandpass of the counter, which has been paired with iodine
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as a counting gas establishing the low-energy threshold [11-14]. Photons traversing the band pass
window become incident upon the interior of the detector tube, causing photoionization of gas phase molecules and the subsequent release of electrons. The collection of electrons on the surface
of a wire centered in the detector reduces its resting voltage. The dips in resting voltage are
translated into pulses that are ultimately measured as counts via computer software. The onset of
IPES spectra corresponds to the minimum energy level of the conduction band, calibrated to the
Fermi energy of clean Au foil. Fig 2.2 (c) shows a depiction of the inverse photoemission process.

2.2.8 Combining UPS & IPES: Surface Electronic Band Gap & Linear Extrapolation
Surface electronic band gaps can be experimentally derived by combining valence band maximum
(VBM) results from UPS and conduction band minimum (CBM) results from IPES measurements.
Determining the surface electronic band gap of a material is important, because the band gap
ultimately governs the alignment with other materials (buffers or electrolytes) in solar devices.
Since UPS and IPES measurements are both calibrated with respect to the Fermi energy of a clean
Au foil reference, they can be plotted together on a common energy scale, thus allowing for the
derivation of a surface electronic band gap. Derivation is accomplished by linear extrapolation of
the leading edge in each spectrum; the VBM being derived from UPS and the CBM from IPES.
Linear extrapolation has been shown to be advantageous by accounting for several experimental
factors, including resolution, final state screening, dispersion, and inelastic losses [15 -20].
Resolution is not a concern with UPS, as the line width of th e UV source is narrow and
experimental broadening is low. Therefore, resolution is high. However, resolution is an issue for
IPES, primarily because the band pass energy is relatively high. This gives rise to resolution on
the order of 400 meV, which is much broader than the < 200 meV for UPS. Because both UPS and
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IPES give rise to experimental broadening, particularly when measuring semiconductors, linear
extrapolation helps to account for the presence of an experimentally to final state screening, the final state has an (N-1) electron configuration (i.e., there is an attractive

photo-hole, then there is no attractive force acting on the ejected electron. If screening is fast (i.e.,
happening on a timescale of the photoemission process), the measurement primarily replicates the
ground state. Screening has its own distribution, but the best-screened state is on the high-kinetic
energy side of UPS spectra. Inelastic losses also contribute to reducing the KE of ejected electrons,
which will further shift spectral intensity to higher BE. Additionally, considerations regarding
dispersion should be addressed. Bands disperse in k-space, leading to a dependence of energy on
crystal momentum. As the VBM is the top-most point of the top-most band in a ground-state
. All things
considered, without the ability to fit with theoretical spectrum, the most viable approach to derive
the VBM is a linear extrapolation.

2.2.9 Band Alignments at an Interface
The goal of this section is to introduce key definitions and concepts regarding the alignment of
energy bands at an interface formed between two dissimilar semiconductors

in this case between

the absorber and buffer layer of a solar device. A proper band alignment is vital for charge transport
across the interface and thus important for overall device efficie ncy. It is therefore imperative to
understand how the energy bands of the absorber align with those of the buffer layer. A schematic
representation of three different band alignment possibilities is shown in Fig 2.6.
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Figure 2.6

Schematic diagram of
-

induced band bending.

In all three cases, the surface conduction band minimum (CBM) and surface valence band
maximum (VBM) of a generic solar absorber are depicted in orange, whereas the surface CBM
and VBM of the corresponding buffer layer are depicted in blue. The interfacial band alignment is
represented in the center, with the band offsets being depicted by dotted lines, and any correction
for interface-induced band bending being represented by ovals. All values are shown relative to
the Fermi energy (EF). Surface band bending is an intrinsic material characteristic and refers to
local electrostatic fields due to space-charge distribution. Surface band bending (either towards or
away from EF) relative to the bulk of the material will always occur in order to minimize surface
free energy, the magnitude of which will typically change upon any interface formation, except if
the Fermi level is pinned - a situation where bend bending becomes essentially fixed. Such effects,
if present, are generally accounted for in the interface-induced band bending corrections.
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When an interface is optimally aligned, minority charge carrier transport (here: of
electrons) can proceed unhindered, and current can flow freely from the absorber to the front
contact. This ideal alignment occurs when the conduction band offset (CBO) at the interface is

buffer layer surface is higher than the CBM of the absorber surface, creating an energy barrier that
prevents electrons from crossing the interface. This scenario is shown in (b). The second

of the absorber surface, allowing for electron-hole recombination. It has been shown that high
efficiency devices generally exhibit a flat CBO at the interface, especially for chalcopyrite PV
devices [15,19,21], whereas less-efficient systems where shown to exhibit a cliff -like CBO [16].
Band alignments are determined in a 2-step fashion: first, the surface band edge positions
of the absorber (without a buffer) and the standard buffer layer are derived from UPS and IPES
spectra. The values are refined in a second step by accounting for any changes in band bending of
the absorber surface as the interface is formed. The latter is being achieved by evaluating any
observed shifts in core-level peak positions (as measured by XPS) of the buffer layer and several
intermediate samples of varying buffer layer thickness.
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2.3

Synchrotron-based Spectroscopy
2.3.1 Description of the Beamline

X-ray emission spectroscopy (XES) experiments were carried out at the Advanced Light Source
(ALS), Lawrence Berkeley National Laboratory on Beamline 8.0.1. To collect XES spectra, we
used a Variable Line Spacing (VLS) spectrometer installed in the custom-generation synchrotron
radiation source, offering mostly UV and soft x-rays. The Beamline is capable of providing an
energy range from 70 to 1250 eV with a photon flux of up to ~10 15 photons per second [23]. The
- 650
eV.

2.3.2 X-ray Emission Spectroscopy (XES)
X-ray emission spectroscopy (XES) involves the relaxation of valence electrons into a core hole
th

equal to the difference in energy between the levels involved. Allowed transitions are governed by
the dipole selection rule

and the conservation of angular momentum. As a result, the

transitions). Be it that XES measures transitions between valence bands and core levels, it is an
immensely powerful tool for studying occupied valence states and corresponding local chemical
environments of a target atomic species. A schematic depiction of XES is given in Fig. 2.2 (d).
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2.4

Surface Cleaning by Ion-Stimulated Desorption

Low-energy ion treatments are employed to remove weakly-bound surface adsorbates (e.g.,
carbon- or oxygen-containing molecules) by means of ion-stimulated desorption, thus allowing for
subsequent spectroscopic measurements to be taken with reduced signal attenuation arising from
the presence of surface adsorbates. Adsorbates can stem from the use of liquids during sample
fabrication (e.g., a rinsing step) or be due to exposure to atmosphere (i.e., oxygen, water vapor,
even carbon-based constituents found in air or pump oil). Surface adsorbates can adversely affect
core-level energies, work functions, and band edge positions by altering the surface properties.
The intention is thus to gently remove surface adsorbates as non -destructively as possible. In
particular, it is important not to affect the stoichiometry or topography of the surface, as it has been
previously shown that treating CIGS-based systems, even at moderately low energies (500 eV),
can give rise to preferential sputtering, intermixing, and the formation of metallic phases at the
surface [14,17-19]. Such sputtering-induced damage can be avoided by utilizing very low Ar+
accelerating voltages (50 eV) and low currents (~ 50 nA/cm 2). High-energy ion treatments can be
useful in particular applications, for example, using 5 keV for cleaning metal references, which
can then be used for determining the Fermi energy (e.g., for calibration of other spectra).
The Nonsequitur Technologies Model 1402 ion gun provides a beam of noble gas ions with
a small spot size and appreciably high flux (beam current depending on the accelerating voltage
and the partial pressure of gas). Ion treatment regimes in this dissertation were limited to ten minute increments with an accelerating voltage of 50 eV, with the beam set to raster over the entire
area of the sample surface. An example of an ion treatment series on a CIGS absorber is shown in
Fig 2.7 (a) and (b). The XPS spectra obtained after each ion treatment show a stepwise reduction
(but not complete removal) of the oxygen signal at the surface of the bare CIGS absorber. In
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addition, with each treatment step, there is a corresponding increase in all other absorber-related
signals due to the reduced attenuation after adsorbate removal.
O 1s

XPS Mg K

XPS Mg K

Cu 2p3/2
10 min Ar+ treated

untreated

5 min Ar+ treated
5 min Ar+ treated

untreated

10 min Ar+ treated

538
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526

960 958 956 954 952 950 948 946

Binding Energy (eV)

Binding Energy (eV)

Figure 2.7 (a) and (b) XPS spectra of the O 1s (a) and Cu 2p 3/2 (b) before and after low-energy
ion treatment steps.
The effects of the low energy ion treatment on the band edge positions derived from UPS
and IPES spectra are shown in Fig 2.8. The band edges for the untreated sample are dominated by
signal contributions from the surface adsorbates

as seen in the presence of a significant foot

visible in both spectra. With each successive ion treatment, there is a reduction in the foot and a
corresponding evolution of a feature found at ~ 3eV, which is indicative of the Cu 3d -derived peak
further indicating the removal of adsorbates.
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Figure 2.8
UPS and IPES spectra revealing changes in the valence and conduction band edge
positions, as well as in the electronic surface band gap, as a function of ion treatment time.

In the end, we want to derive the most reliable surface. It would be best to measure a
-

-exposed or aged sample surface (inspiring the

development of optimized sample packing procedures in our group). The treatment times
employed throughout this dissertation varied depending on which surfac e was deemed as being
most reliable and/or representative of the sample matrix.
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CHAPTER THREE
CHEMICAL & ELECTRONIC SURFACE PROPERTIES OF THE Cu(In,Ga)S 2 ABSORBER

3.1

Introduction

For high-efficiency photovoltaic devices, Cu(In,Ga)(S,Se)2 (CIGSSe) absorbers are typically
treated such that they are Cu-poor at the surface. This is done, in general, because a low
concentration of Cu at the surface increases its band gap [1]. A Cu-poor surface for CIGSSe helps
lead to higher-efficiency devices [2,3], attributed to its wider surface band gap and the
corresponding modified electronic interface structure. This, in turn, helps to reduce the electronhole recombination of at the buffer/absorber interface [4,5]. A Cu -poor composition also
approaches the theoretically ideal band gap (of approx. 1.5 eV) for high-efficiency PV devices [6].
CIGSSe-based solar cells with a Cu-poor surface have repeatedly produced efficiencies over 20 %
[7,8,9], with a current world record of 23.35 % [10].
A Cu-poor surface can, for example, be obtained by either In or Ga surface termination,
i.e., ending the growth process in the abundances of In or Ga, respectively, and the absence (or
reduction) of copper. A Cu-poor surface can also be obtained by producing a Cu-rich surface,
followed by a KCN etch that is designed to remove any Cu xSy phases from the surface, thus also
leading to a more Cu-poor surface. Cu deficiencies at the surface have been considered to form an
ordered defect compound (ODC) [3]; among the possible ODC phases, Cu-(In+Ga)-Se
stoichiometries of 1-3-5 and 1-5-8 rank most prominently.
Presented here is a comparative analysis of the surface electronic properties between Curich and Cu-poor sulfur-based chalcopyrite-based absorbers [i.e., Cu(In,Ga)S2 - CIGS]. These
particular absorbers were prepared at HNEI as part of a DOE project developing novel
chalcopyrite-based materials for low-cost efficient solar hydrogen production.
39

3.2

Experimental Details

As for the samples studied in this dissertation, the process of fabricating chalcopyrite absorbers
often involves the evaporation of elemental substrates in the rough vacuum regime. Both metal
and nonmetal precursors can be employed, including Cu, Ga, In, and Se. A schematic of a generic
co-evaporation chamber is depicted in Fig 3.1.

Figure 3.1 Schematic of a generic co-evaporation chamber, depicting three different elemental
sources. Here, source material is evaporated onto a heated glass substrate with a pre -deposited
molybdenum metal back contact.

Other ways of fabricating Cu(In,Ga)(S,Se) 2 variants include methods such as sputtering
and electrodeposition. In this dissertation, the metal alloy precursors were prepared by our partners
at HNEI using a two-stage vapor deposition from Cu, In, and Ga metal sources. In a first stage,
Cu, In, and Ga metal were evaporated onto a Mo-coated soda-lime glass substrate. During a second
stage, only Cu was evaporated, making a Cu-rich surface. The CuInGa (CIG) metal alloy was
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briefly exposed to air as it was transferred to a sulfurization chamber, where su bstrates were
exposed to a sulfur (and/or selenium) containing atmosphere at 600° C for 30 minutes . CIGS
absorber surfaces were further treated by KCN etching. Surface etching is frequently used in
preparing the absorber surface prior to the deposition of a buffer layer, especially when a Cu/rich
growth regime is chosen. Surface etching has been shown to remove carbon and oxygen, as well
as selectively removing copper sulfide species from the surface [11]. In the next step, etched
samples were rinsed in deionized water and dried under nitrogen gas. The two sample sets
presented in this chapter, both provided by HNEI, were prepared by the same co -evaporation
process.
Samples were briefly air-exposed, packed and vacuum-sealed under dry nitrogen before
being sent to UNLV. Samples were unsealed and mounted in a nitrogen glovebox , then moved
into UHV without any air exposure. XPS, UPS, and IPES measurements were then conducted at
UNLV to investigate the chemical and electronic structure of each sample set. A comprehensive
set of XPS, UPS, and IPES spectra were collected, including survey spectra, detailed regions of
core-level & Auger signals arising from XPS, work function & valence band spectra from UPS,
as well as conduction band spectra utilizing IPES. Furthermore, XES spectra of the S L 2,3 edge
were collected at Beamline 8.0.1 at the ALS using the group-operated SALSA endstation and its
VLS spectrometer [12]. All spectra were calibrated to appropriate reference materials or spectral
features; XPS spectra were calibrated with respect to metal reference binding energies (Au, Ag,
Cu), UPS and IPES spectra with respect to the Fermi energy of a sputter-cleaned Au foil, and XES
spectra were calibrated using CdS references and the energies of elastically scattered lines.
The initial XPS, UPS, and IPES measurements were followed by a series of low-energy
(50 eV) Ar+ ion treatments, the logistics of which were described in Section 2.5. Subsequent XPS,
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UPS, and IPES measurements after each successive ion treatment were conducted to monitor for
any reduction in surface adsorbates and corresponding changes in target peak signals. Ion
treatments were not necessary for XES measurements, within the scope of this investigation, given
the photon-in-photon-out nature (and hence increased information depth [13]) of the technique.

3.3

Results & Discussion
3.3.1 Cu(In,Ga)Ss Absorbers: Cu-poor vs Cu-rich Surfaces

XPS survey spectra of the Cu-poor and Cu-rich CIGS absorber surfaces are shown in Fig 3.1.
Spectra have been normalized to the In 3d peak area. All expected peaks are present and labelled
(Cu, In, Ga, and S). The Cu-poor CIGS surface is also relatively Ga-poor. In addition, a substantial
C peak and a moderate O signal are found on both surfaces, though the CIGS surfaces are relatively
clean. This is expected, considering the post-sulfurization KCN etching, which is employed to
remove copper sulfide and native surface oxide species, and prepare the absorber surface for buffer
layer deposition. In addition, the Cu signal for the Cu-rich CIGS surface is stronger. This is in
contrast to the Cu-poor surface, where the Cu signal is significantly attenuated while the Ga and
In signals remain prominent.
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Figure 3.2
Mg K XPS survey spectrum of the Cu-poor and Cu-rich Cu(In,Ga)S2 absorber
surfaces. An appreciable difference in the Cu 2p signal can be seen between the two CIGS surfaces.
Beyond the scope of a broad-range survey spectrum, detailed measurements of smaller
energy regions can be obtained. These detailed spectra allow for a finer analysis, e.g., a more
precise determination of the core level and Auger peak position. Detail spectra entail smaller step
sizes in energy intervals, smaller pass energy, and an increased number of scans. Detailed spectra
for one of the Cu core level (2p 3/2) and the most prominent Cu Auger peak series (L 3M4,5M4,5) are
shown in Figure 3.3 (a) & (b). Spectra have been normalized to the low binding-energy region.
The Cu-rich absorber surface exhibits a larger peak signal, as expected, and the position of the
core level line is centered at 932.17 eV ±0.05 eV. This position can be indicative of either a Cu-S
or Cu-O environment.
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Figure 3.3
XPS spectra of the Cu 2p3/2 and L3M4,5M4,5 peaks for both the Cu-rich and Cu-poor
CIGS absorber surfaces.
To further aid in the confirmation of any additional copper species, the modified Auger parameter
was calculated and assessed. The modified Auger parameter allows us to gain further insight into
the local chemical environment at the Cu atoms (or In, S, etc.). The Auger parameter is calculated
through the summation of the binding energy of a core level and the kinetic energy of the
corresponding Auger peak. Calculated Modified Auger parameters are used to construct a Wagner
Plot, where diagonal lines represent values of the modified Auger parameter, plotted against the
two aforementioned energy scales (binding energy and kinetic energy, respectively). For a more
detailed description of the Modified Auger parameter, the reader is referred to Refs. [14-16]. Fig
3.4 shows the Wagner plot for Cu with common literature values for a panoply of copper
compounds [17].

-poor and Cu-rich absorbers was
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calculated to be 1849.01 eV ± 0.07 eV (see Table 3.1). The location on the Wagner plot
corresponding to this energy can be attributed to either Cu2S or CuO.

Figure 3.4
Wagner plot for copper. Diagonal lines represent the calculated Modified Auger
parameter. The purple circle highlights the approximate location of calculated values for Cu -rich
and Cu-poor absorber surfaces. Graph reprinted with permission from Biesinger, Surf. Interface
Anal 49, 1325-1334 (2017).
Table 3.1
Copper 2p 3/2 and L3M4,5M4,5 peak positions and the calculated Modified Auger
parameter for the Cu-rich and Cu-poor CIGS absorber surface.

Absorber surface

Core level (2p3/2)

Auger (L3M4,5M4,5)

Modified Auger
parameter

Cu-rich CIGS

932.17 eV ±0.05 eV

916.86 eV ±0.07 eV

1849.03 eV ±0.07 eV

Cu-poor CIGS

932.22 eV ±0.05 eV

916.86 eV ±0.07 eV

1849.08 eV ±0.07 eV
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Furthermore, we find a significant Na signal on both absorber surfaces; the Cu -rich surface
having a considerably stronger signal than the Cu-poor. This is shown in Fig. 3.5. The Na signal
is a common finding on chalcopyrite PV absorber surfaces and generally either due to the diffusion
of Na from the soda-lime glass substrate or Na-containing additions during the growth process. As
can also be seen from the (apparent) absence of the peaks in the XPS survey spectra in Fig. 3.2
and the high noise level of the spectra in Fig. 3.5 (compare, e.g., with the spectra in Fig. 3.3), the
Na signals are extremely small, substantially smaller than for most CIGSSe absorbers studied in
our group. This is assigned to the surface cleaning inherent to the KCN etching process described
above.

XPS Mg K

XPS Mg K

Na1s
Cu-poor

1078 1076 1074 1072 1070 1068 1066

Na 1s
Cu-rich

1078 1076 1074 1072 1070 1068

Binding Energy (eV)

Binding Energy (eV)

Figure 3.5
XPS spectra of the Na 1s peak for the Cu -poor (left) and Cu-rich (right) CIGS
absorber. The presence of Na is attributed to diffusion from the underlying glass substrate during
the thin-film fabrication processes.
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Beyond the basic chemical structure of the absorber surfaces, we can further investigate
the electronic structure. UPS and IPES measurements were taken to derive the VBM and CBM,
from which also the electronic surface band gap can be determined. UPS and IPES spectra are
plotted on a common energy scale, relative to the Fermi energy of a sputter-cleaned Au foil. Most
band gap measurements reported for Cu xSy were obtained optically using UV-Vis spectroscopy
and/or a combination of transmittance and reflectance data. However, optical band gap values can
vary considerably depending on the exact method. The data is typically transformed into a Tauc
plot, whereby either the square of the product of the absorption coefficient (for direct band gap
materials) or the square root of the absorption coefficient (for indirect band gap materials) is
plotted against photon energy. Linear extrapolation of the leading edge through the x -axis gives
the optical band gap. Optical band gaps for Cu xSy reported in literature range between 1.2-2.5 eV
[18-23]. It is worth noting that optically derived band gap values are not representative of the
surface band gap, as they were obtained with bulk-sensitive measurement technique.
-

-rich Cu(In,Ga)S2 absorber. In our

interpretation, this best represents the surface electronic band gap of a Cu-rich CIGS system, as
even after the first ion treatment step significant changes in the spectral shape of the valence band
are observed. Fig 3.6 shows the valence band spectra for the Cu-rich absorber as a function of ion
treatment time. Notice a reduction in the intensity of the Cu 3d-derived band at 3 eV. This suggests
that, even at low ion treatment energies, we are changing the surface of the absorber and creating
a surface with a wider band gap.
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Figure 3.6
UPS spectra of the Cu-rich absorber surface after a series of low-energy ion
treatments. During which the Cu 3d-derived peak at ~ -3 eV is reduced, and the band gap also
becomes wider.

In contrast, the 10-minute (in total) ion-treated surfaces for the intermediate and fullthickness CdS buffer layer(s) were used to later derive the interface-induced band bending
correction and surface electronic band gap.
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As mentioned, CIGS surfaces are typically grown to be Cu-poor at the surface (i.e., more
rich in In and/or Ga). This gives rise not only to distinctive stoichiometries, but also surface
electronic structures [24,25].

UPS He I

( 0.10 eV)

IPES

VBM CBM

( 0.15 eV)

-0.73 eV 0.22 eV

Cu-rich
WF = 4.81

Cu-poor
-0.60 eV 1.01 eV

-6 -5 -4 -3 -2 -1 0 1

WF = 4.76

2 3

4 5

6

Energy rel. EF (eV)
Figure 3.7
UPS and IPES spectra, presented together on a common energy scale relative to the
Fermi energy. The valence and conduction band edges for the Cu-poor CIGS absorber surface are
shown on the bottom (-0.60 ± 0.10 eV and 1.01 ±0.15 eV, respectively), while the valence and
conduction band edges for the Cu-rich CIGS absorber surface are shown on the top (-0.73 ±0.10
eV and 0.22 ±0.15 eV, respectively).
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The Cu-poor CIGS absorber surface, as shown in Fig. 3.7, bottom, exhibits an electronic surface
band gap of 1.61 eV ±0.18 eV and a corresponding work function of 4.76 eV, which agrees well
with previous work on the sulfide-only chalcopyrite system, as well as for high-efficiency CIGSSe
absorber solar cells [1,26]. Our here-derived surface

larger

in most of

the cited publications, which is ascribed to the fact that the absorber is quite rich in indium and
poor in copper at the surface. Also, an impact of surface adsorbates (containing O and C) cannot
be ruled out. As the surface contamination is reduced during ion treatments, a reduction in the O
and C signals can be seen in the XPS spectra, and a corresponding increase in the Cu 3d derived
feature begins to emerge even after the first treatment. Consequently, the electronic surface band
gap begins to narrow. Results of a low-energy ion treatment on the CIGS absorber surface were
already shown in Section 2.4.
Furthermore, we observe an unusually high Cu surface content, both in the spectra of Fig.
3.2 (bottom), as well as in the peaks derived primarily from Cu 3d valence states in Fig. 3.7 (at ~
-3 eV), which might lead to the presence of copper sulfide species as well. In that case, the observed
band gap would have to be ascribed to the lowest-band-gap species found at the surface (with
sufficient concentration).
Fig. 3.7 (top) shows the corresponding UPS and IPES spectra for the Cu-rich CIGS surface.
For the surface electronic band gap, we find 0.95 eV ± 0.18 eV for the as-received surface. This is
an unusually small surface band gap for a CIGS absorber

typically, high-efficiency (Cu-poor)

chalcopyrite absorber surfaces show band gaps in the range of 1.3 to 1.5 eV. This finding is
ascribed to the high Cu surface content, seen both in the survey spectra, as well as in the Cu 3d derived peak (at ~ -3 eV) in the UPS spectra, suggesting the presence of copper sulfide species as
well. This argument is enhanced in various cuprous compounds such as CuInS2 and CuGaS2,
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which have a strong d-character in the upper VB [27].

3.4

Summary

In this chapter, x-ray, ultraviolet, and inverse photoemission were utilized in order to investigate
the chemical and electronic structure of two dissimilar Cu(In,Ga)S 2-based thin-film absorber
surfaces one Cu-poor and one Cu-rich. The subsequent impact on the chemical and electronic
properties due to the higher Cu content on the Cu-rich surface was discussed. Cu(In,Ga)S2-based
thin-film absorbers are typically treated such that they are Cu -poor at the surface, which leads to
a wider surface band gap. In this chapter, it has been postulated that an increase in Cu content at
the surface may lead to a narrowing of the surface band gap and even have a deleterious effect on
the band alignment of a subsequent buffer layer interface (further discussed in Chapter 4).
XPS measurements showed an appreciable dif ference in the Cu content between the two
surfaces, as seen in both the survey spectra and with the presence of a significant Cu 3d -derived
peak in the UPS spectra. In addition, the valence band maximum of the Cu -rich absorber surface
was found to be much closer to the Fermi energy and exhibited a smaller band gap than one would
expect for a conventional CIGS absorber. This is in contrast to the Cu -poor surface, which
exhibited a band gap in closer agreement with previous publications. We speculate that the
observed differences in the electronic structure between the two surfaces can be attributed to the
differences in Cu and O content at the surface, as well as the suspected presence of a Cu xS species.
All of these conditions are likely due to an incomplete removal of the Cu xS species during the
applied KCN etch a process that has been shown to remove both surface adsorbates and copper
sulfides from the surface prior to deposition of a buffer layer.
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CHAPTER FOUR
THE CdS/Cu(In,Ga)S2 INTERFACE
Portions of the data shown here were presented by the author in an oral presentation at the 2017
Materials Research Society (MRS) Spring Meeting, Phoenix, AZ, and at a poster session at the
2018 Gerischer Electrochemistry Symposium, University of Colorado, Boulder, CO.
4.1

Introduction

Cu(In,Ga)S2 (CIGS)-based devices contain a buffer layer, which protects the absorber surface from
subsequent layer depositions and can favorably alter the electronic properties at the interface.
Highly efficient CIGSe-based counterparts typically employ a CdS buffer layer due to its favorable
conduction band offset [1-3] and n-type conductivity [4]. Unfortunately, CdS/CIGS-based PV
devices have not proven to be as effective, likely due to the creation of a cliff -like conduction band
offset [5]. Additionally, the CdS buffer layer still suffers from chemical shortcomings under PEC
operating conditions, i.e., durability issues when operated in electrolyte

an issue currently being

investigated by our project collaborators at Stanford University (Jaramillo et al.). As a further
matter, CIGS-based absorbers inherently suffer from non-ideal band edges with respect to the
oxidation/reduction potentials necessary for unassisted water splitting. Again, one way to
overcome this challenge is to include a wide(r) gap n-type layer atop the absorber. The application
of such a layer not only presents a wider band gap at the surface/electrolyte interface, but it can
also create an additional electric field at the heterojunction and hence shift the band edges with
respect to the Fermi energy. This, in turn, could improve the overall photovoltage and subsequently
shift the onset potential in favor of the hydrogen evolution reaction [6]. Within the scope of this
chapter, we have employed a suite of surface spectroscopic techniques in order to gain a better
understanding of the band alignment at the interface formed between a CdS layer deposited onto
a Cu-rich and a Cu-poor CIGS absorber.
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4.2

Experimental Details

structure, including the band alignment and band gaps at the junction. The sample series consisted
of CIGS absorbers with CdS buffer layers of varying thickness (deposited using chemical bath
deposition, CBD) one series with a CIGS that featured a Cu-poor surface composition, and one
series with a Cu-rich CIGS absorber surface.
The prepared CIGS absorbers (discussed in Section 3.2) were further treated by etching in
a KCN solution just prior to immersion in the CBD bath, composed of cadmium sulfate, ammonia,
thiourea, and deionized water held at 85° C. The KCN etch prepares the absorber surface for buffer
deposition by reducing the amount of oxygen and carbon at the surface and preferentially etching
away Cu xS species on the surface [7].
Samples were removed from the chemical bath at specific intervals: 30 seconds, 1 minute,
2 minutes, and 6 minutes of total deposition time (for th

-

. The samples were

then dried under nitrogen gas, and the 6 minute CBD sample was further treated by annealing (in
air) at 120° C for 7 minutes. The same procedure was used for

-

sample series, except

that the absorber samples were removed after 30 seconds, 2 min, and 6 min (i.e., no 1 min CBD
sample).
XPS was utilized to investigate all aforementioned sample surfaces. XPS measurements
were taken using either Mg or Al K radiation, depending on the specific energy region of interest,
and while taking any potential spectral overlap into account. UPS and IPES measurements were
collected on the CIGS absorber surface, as well as on the two 6samples, both annealed and non-annealed. UPS measurements were collected using He I and II
irradiation (21.2 eV and 40.8 eV, respectively), though only data from the He I excitation are
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shown here. XPS and UPS measurements were obtained with a SPECS PHOIBO S 150
hemispherical electron analyzer (HSA), equipped with a multichannel detector (MCD, for the
older measurements) or a 1-D delay line detector (DLD, for the newer measurements). The HSA
was regularly calibrated using core-level peaks of sputter-cleaned Au, Ag, and Cu foils for XPS
measurements [8], whereas the Fermi energy of the Au foil was used to calibrate both the UPS and
IPES spectra. Last, IPES measurements were conducted using a custom-built Dose-type Ar:I2
detector, paired with a SrF2 window and coupled to a commercially available low-energy electron
gun (Staib Instruments). The valence band maximum (VBM) and conduction band minimum
(CBM) were determined by linear extrapolation of the leading edge of either UPS or IPES spectra,
respectively. The base pressure in the analysis chamber was below 5x10 -10 mbar.
4.3

Results & Discussion
4.3.1 Interface Formation

XPS survey spectra of all aforementioned sample surfaces (CIGS absorber, intermediate -thickness
buffer layers, and annealed full-thickness buffer layer) belonging to the Cu-poor samples series
are shown in Figure 4.1. Spectra display all expected absorber-related signals (Cu, In, Ga, and S)
on the CIGS surface, as well as the expected addition of Cd -lines on the 0.5, 2, and 6 min
CdS/CIGS samples. The Cd lines increase in intensity as a function of buffer layer thickness, while
the absorber-related peaks become increasingly attenuated (as expected). The absence of absorber-

lly formed) 6-min CBD

used as one of the three benchmark samples for a detailed interface band alignment study (see
below). Furthermore, because the CIGS-related signals (Cu, In, and Ga) are still detected for the
intermediate-thickness buffer layer samples surfaces, these samples will prove to be invaluable for
the complete derivation of the band alignment, since it will enable us to monitor the interface56

induced changes in band bending, both in the absorber as well as in the fully formed CdS buffer
layer.
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Figure 4.1
Al K XPS survey spectra of the HNEI Cu-poor CIGS bare absorber (black), a 0.5
min CBD intermediate thickness CdS buffer layer sample (red), a 2 min CBD intermediate
layer sample (blue). Dotted boxes highlight the changes in intensity for an absorber- (Cu 2p) and
a buffer- (Cd 3d) related signal as a function of CdS deposition time.

All investigated samples also show small amounts of carbon and oxygen contamination at
the surface, due to exposure to air during sample extraction and handling and/or as part of the CdS
buffer layer itself. The Cu-poor CIGS absorber exhibits a substantially lesser amount of oxygen at
the surface than any of the surfaces that have undergone CBD, likely due to cleaning by the postsulfurization KCN etching. Low-energy, 50 eV Ar + ion treatments were employed for surface
cleaning (described in Section 2.5), which allowed for subsequent XPS measurements to be
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evaluated with a reduced impact of surface adsorbates. The 30-min (in total) ion-treated surfaces
were used to derive the interface-induced band bending between the absorber surface and the
intermediate-thickness sample, as well as between the intermediate-thickness sample and the fully
formed buffer layer surface. This ion-treatment time was chosen after observing a step -wise
reduction of the oxygen signal, an approximately constant carbon signal, and an increase in all
buffer- and absorber-related signals due the reduced attenuation in the (now reduced) oxygencontaining surface layer.
Fig 4.2 (a) highlights the differences in oxygen content at the surface of the bare Cu-poor
CIGS absorber, an intermediate (2 min CBD) buffer layer thickness, and the full (6 min CBD)
buffer layer thickness samples. Spectra have been normalized to background to allow for a
comparison of relative peak height. As previously noted, the CIGS absorber surface is relatively
clean (attributed to the KCN rinse), with an appreciable increase in O at the surface for the
intermediate buffer layer thickness sample, and a drastic increase in O for the full buffer layer
thickness samples surface. The shape of the O 1s peak, i.e., the broadness, shoulder, and shift in
energy, suggest the presence of at least two chemical species. In addition, S 2p XPS spectra are
shown in Fig. 4.2 (b). Spectra have been normalized to peak height in order for comparisons
between spectral shape to be made. Here, the absence of a signal at ~ 169 eV, which is indicative
of the formation of sulfates (SO 42-), corroborates the notion that the Cu-poor CIGS absorber has
less oxygen at the surface. As the buffer layer thickness increases, so does the sulfate signal. This
suggests that as the oxygen content increases, so does the amount of oxygen -sulfur bonds in the
CdS buffer layer.
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Figure 4.2 (a) & (b) XPS spectra of the O 1s and S 2p core levels. Highlighting the correlation
between the increase in oxygen content at the surface and the formation of sulfates in the CdS
buffer as a function of buffer layer thickness.

Survey spectra from the Cu-rich sample set are shown in Fig 4.3 and display all expected
absorber-related photoemission and Auger lines of Cu, In, Ga, and S. The XPS survey spectra also
indicate a notable presence of carbon and, to a lesser extent, oxygen on the absorber surface. In
comparison to the previously measured CIGS absorber samples provided by UH and the spectra
in Fig. 4.1, the survey spectrum indicates a more Cu-rich surface even after the KCN etching
process

despite the fact that this process has been shown to effectively remove copper sulfide

species from the surface [7].

59

XPS Al K

Survey

6 min CdS/CIGS
annealed

Cd MNN

2 min CdS/CIGS

0.5 min CdS/CIGS

S LMM

C KVV

In MNN
Cu LMM

Cu-rich CIGS absorber (x1.5)

1400

1200

1000

Ga LMM

800

600

Binding Energy (eV)

400

200

0

Figure 4.3
Al K XPS survey spectra of the HNEI CIGS bare absorber (black), a 0.5 min CBD
intermediate thickness CdS buffer layer sample (red), a 2 min CBD intermediate thickness CdS
buffer layer sample (green), and both an annealed (blue) and non-annealed (purple) 6 min CBD
Cu-rich sample series. Dotted boxes
highlight the changes in intensity for an absorber- (Cu 2p) and a buffer- (Cd 3d) related signal as
a function of deposition time.

In conjunction with our analysis of select core-level peaks found in the Cu-poor sample
surface, Fig. 4.4 shows detailed spectra of the O 1s peak and S 2p for the Cu -rich CIGS surface.
Dissimilar from the Cu-poor system, we do not find an immediate increase in the oxygen content
at the surface as a function of buffer layer deposition: the Cu-rich CIGS absorber surface and the
intermediate (2 min) CBD CdS buffer layer surfac
the buffer layer has been fully formed that a more prominent oxygen peak exists at the surface.
The O 1s peak exhibits a small shift to lower binding energies, which could be indicative of the
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formation of metal oxides. In contrast, the S 2p signal develops peaks at ~169 and 172 eV, due to
the presence of sulfate, while the S 2p main line begins to lose the shoulder feature found at ~ 158
eV (possibly due to copper sulfide species) and begins to become more spin-orbit resolved as a
function of buffer layer deposition
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Figure 4.4 (a) & (b) XPS spectra of the O 1s (left) and S 2p (right) core levels for the Cu -rich
system. As with the Cu-poor system, there is a correlation between the increase in oxygen content
at the surface and the formation of sulfates as a function of buffer layer thickness.

Samples were further characterized by XES in order to investigate the local chemical
environment of the S atoms in the near-surface bulk region. All samples were irradiated with ~
180 eV photons in order to excite the S L2,3 edge non-resonantly. All spectra are shown normalized
to the S 3s

S 2s transition at ~ 148 eV.
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Figure 4.5 shows the S L2,3 XES spectra of three samples from the Cu-poor
4,

and CuInS2 [8] reference

spectra. The CIG metal alloy shows no distinguishable peaks in the S L2,3 region, suggesting that
there is no sulfur in the near-surface bulk of this material (as expected). Conversely, the CIGS
shows strong intensity for the expected S 3s

2p transition at ~148 eV [labeled (1)], indicative

of a sulfide chemical environment of the sulfur atoms in these materials.
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h exc. ~ 180 eV

(5)

(3)

(1)
CdSO4

(2)

(4)
CdS
CdS 6 min
CuInS2 [8]
CIGS
CIG
145

150

155

160

Emission Energy (eV)

Figure 4.5

165

S L2,3 x-

8]), a sample
with a (6 min) CdS buffer layer deposited on a Cu-poor
, and
CdS and CdSO4 reference spectra (black), highlighting unique spectral features associated with
particular electronic transitions and bond environments.
2
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2

The CIGS spectrum also shows additional spectral features at ~155 & 160 eV, also found
for CuInS2. Furthermore, we note that the CIGS sample shows no distinct peak at 162 eV,
indicating that there is no evidence for sulfur-oxygen bonds in the near-surface bulk of this material
(on the sensitivity scale of XES).

XES S L2,3
h exc. ~ 180 eV

(1)

(2)
(3)

(4)

(5)
CdS 6 min
annealed
CdS 6 min
CdS 2 min
CdS 0.5 min
CIGS

140

145

150

155

160

165

Emission Energy (eV)
Figure 4.6
S L2,3 xblack), a sample with a (0.5

Cu-rich,
0.5 min ),

two samples with a (6 min) CdS buffer layer sample deposited on top of a CIGS substrate one
as-deposited and one annealed at elevated temperatures (
highlighting unique spectral features associated with particular electronic
transitions and bond environments.
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As for the CdS/CIGS sample, the spectral shape is very similar to that of the CdS reference;
strong signal intensity at ~151 & 152 eV [due to the Cd 4d-derived bands, labeled (2)], as well as
a distinct upper valence band between 156-159 eV. Note that, nevertheless, the transitions from
the Cd 4d-related bands and the upper valence band are weaker than for the CdS reference. We
ascribe this to the fact that the CdS/CIGS spectrum is a superposition of CdS and CIGS
contributions [see, e.g., the spectral intensity of the CIGS upper valence band, labeled (4)]. As in
the case of the CIGS sample, we do not find any strong evidence for S-O bonds for the CdS buffer
layer.
Fig. 4.6 shows the S L2,3 XES spectra for the Cu-rich series. It includes a sulfurized CuInGa
the 0.5 min CdS buffer layer sample (

, red), the 2 min

the
. In comparison to the Cu-poor series, the CIGS
absorber shown additional spectra features between 153 and 157 eV, presumably due to the
presence of copper sulfides, and the CdS layers now show clear contributions from sulfur-oxygen
bonds, especially after the annealing step [near label (3)]. The XES results thus support the findings
from the XPS spectra, namely that the Cu-rich series, in comparison to the Cuexhibits copper-sulfide species at the surface, and that the CdS buffer layer also contains a
noticeable contribution of sulfur-oxygen bonds. The latter are known to increase the band gap of
the buffer layer and might thus be beneficial for reducing the absorption of solar photons already
in the buffer layer (as opposed to in the actual CIGS solar absorber).
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4.3.2 Surface Band Edges and Band Gaps
In conjunction with XPS measurements, UPS and IPES measurements were performed in order to
derive the VBM and CBM of the CIGS absorber surface and the fully formed CdS buffer layer
surface. For the Cu-poor CIGS absorber (Fig. 4.7), the corresponding surface electronic band gap
of the CdS is found to be 2.48 ± 0.15 eV, which is in good agreement with the surface band gap
frequently reported in literature [5].

UPS He I

( 0.10 eV)

IPES

VBM CBM

( 0.15 eV)

0.41 eV

-2.07 eV

CdS/CIGS

-0.60 eV

1.01 eV

Cu-poor
CIGS

-6 -5 -4 -3 -2 -1

0

1

2

3

Energy rel. EF (eV)

4

5

6

Figure 4.7
UPS and IPES spectra of the Cu-poor CIGS absorber and the CdS/CIGS buffer
layer sample on a common energy scale (relative to the Fermi Energy, E F, of a reference Au foil).
The determined band edge values and band gaps (in eV) are given for each complimentary pair of
measurements.
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The corresponding spectra corresponding to the Cu-rich CIGS absorber are shown in Fig.
4.8. The higher Cu content at the surface of this CIGS absorber makes the proper derivation of the
leading edges more difficult.
attributed to defect states brought about by the significant differences between the two CIGS
absorber surfaces (Cu-poor vs. Cu-rich). These tails are indicated in Fig. 4.8 with orange
e
approach, we find VBMs of -0.73 ± 0.10 eV and -1.80 ± 0.15 eV for CIGS and CdS, respectively.
Additionally, we find CBMs of 0.22 ± 0.10 eV and 0.61 ± 0.15 eV for CIGS and CdS, respectively.
The defect states of CdS extend all the way to -0.43 eV for the valence band, and 0.22 eV for the
conduction band. For the surface electronic band gaps, we hence find 0.95 ± 0.18 eV for the CIGS
absorber surface, and 2.41 ± 0.18 eV for the CdS surface (when ignoring the defect states). This is
an unusually small surface band gap for a CIGS absorber

typically, high-efficiency (and Cu-

poor) chalcopyrite absorber surfaces show band gaps in the range of 1.3 - 1.5 eV. We ascribe this
finding to the high Cu surface content, seen both in the survey spectra of Fig 4.3, as well as in the
Cu 3d-derived peak in Fig. 4.8 (at ~ -3 eV).
We speculate that a presence of copper sulfide species reduces the band gap derived with
this experimental approach, as it is inherently sensitive to the lowest-band-gap species found at
the surface (with sufficient concentration), most likely a copper sulfide.. Furthermore, as
mentioned above, we interpret the significant band edge tails as indicative for the presence of
defects, induced by the non-optimal CdS CBD deposition now occurring a rather different type of
surface. Therefore, t
ignoring the defect states, and are shown as red lines. The surface electronic band gaps are found
to be 0.95 ± 0.18 eV for the Cu-rich CIGS absorber and 2.41 ± 0.18 eV for the CdS buffer surface
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(again, when ignoring defect states).

UPS He I
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VBM CBM
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( 0.15 eV)

-0.43 eV 0.27 eV
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Energy rel. EF (eV)
Figure 4.8
UPS and IPES spectra of the CIGS absorber and CdS/CIGS buffer layer sample on
a common energy scale (relative to the Fermi Energy, E F, of Au foil). The determined band edge
values and band gaps (in eV) are given for each complimentary pair of measurements.
Additionally, for the CdS surface, two different extrapolations are shown (one in orange to
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4.3.3 Interface-Induced Band Bending
As mentioned, the UPS and IPES measurements of the VBM and CBM of the CIGS absorber and
the fully formed CdS/CIGS sample need to be interpreted in view of band bending changes during
the interface formation to derive the full interfacial band alignment picture. This is accomplished
by comparing different combinations of core-level and Auger peak positions of the CIGS absorber
(Cu 2p, In 3d, In MNN, Ga 2p) and the CdS buffer (Cd 3d) [5]. As an example, Fig. 4.9 shows the
In 3d, In MNN, and Cd 3d spectra. By monitoring for relative shifts in these core-level line
positions of the cleaned surface, as the thickness of the buffer layer increases, the effects of bandbending at the interface can be elucidated. If, for example, all the core-level shifts are in concert
(i.e., same direction and magnitude), then the shifts are due to band bending. On the contrary, if
all the shifts are not in concert, then the shifts could indicate a change in the local chemical
environment (e.g., due to interdiffusion). For these purposes, sample sets were devised such that
we could monitor any changes in the chemical and/or electronic structure as a function of buffer
layer thickness.
XPS Al K

In 3d

XPS Mg K

In MNN

CIGS absorber

30 sec CBD CdS

30 sec CBD CdS

455

454

453

452

451

Binding Energy (eV)

450

Cd 3d

0.25 eV

0.5 min CBD CdS

CIGS absorber

2 min CBD CdS

456

XPS Al K
2 min CBD CdS
6 min CBD CdS

2 min CBD CdS

449

405 406 407 408 409 410 411 412 413

Kinetic Energy (eV)

408

407

406

405

404

Binding Energy (eV)

403

Figure 4.9 (a), (b) & (c)
Band bending is quantified using XPS measurements by tracking
the core-level positions of intermediate-thickness buffer layer samples.
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Table 4.1
Relative shifts of core level and Auger peak positions of the Cu-poor CIGS
absorber, the full-thickness (6 min CBD) annealed CdS buffer layer sample, and one intermediatethickness (0.5 min CBD) CdS/CIGS sample.
Core Level
Cu 2p3/2
Cu LMM
In 3d3/2
In MNN
Ga 2p1/2
Ga LMM
Peak
Cd 3d3/2
Cd 3p3/2
Cd MNN

CIGS Absorber
BE (eV)
932.59
336.93
452.56
846.11
1117.95
188.74

Thin 0.5 min CdS
BE (eV)
932.70
337.07
452.67
846.21
1118.01
188.81

Thin 0.5 min CdS
BE (eV)
412.25
618.56
872.36

Thick 6 min CdS
BE (eV)
412.29
618.62
872.55

Shift
+ 0.11
+ 0.14
+ 0.11
+ 0.10
+ 0.06
+ 0.07
Shift
- 0.04
- 0.06
- 0.19

Table 4.2
Relative shifts of core-level and Auger peak positions of the Cu-rich CIGS
absorber, the full-thickness (6 min CBD) NON-annealed CdS buffer layer sample, and a
CdS/CIGS sample of intermediate thickness (0.5 min CBD).
Core Level
Cu 2p1/2
Cu LMM
In 3d3/2
In MNN
Ga 2p1/2
Ga LMM
Core Level
Cd 3d3/2
Cd 3p3/2
Cd MNN

CIGS Absorber
BE (eV)
952.27
569.77
452.43
845.99
1117.95
421.56

Thin 0.5 min CdS
BE (eV)
952.26
569.77
452.47
846.05
1117.95
421.56

Thin 0.5 min CdS
BE (eV)
412.04
618.44
872.19

Thick 6 min CdS
BE (eV)
412.29
618.62
872.54
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Shift
- 0.01
± 0.00
+ 0.04
+ 0.06
± 0.00
± 0.00
Shift
- 0.25
- 0.18
- 0.35

Table 4.3
Relative shifts of core-level and Auger peak positions of the Cu-rich CIGS
absorber, the full-thickness (6 min CBD) NON-annealed CdS buffer layer sample, and a
CdS/CIGS sample of intermediate thickness (2 min CBD).
Core Level
Cu 2p1/2
Cu LMM
In 3d3/2
In MNN
Ga 2p1/2
Ga LMM
Core Level
Cd 3d3/2
Cd 3p3/2
Cd MNN

CIGS Absorber
BE (eV)
952.27
569.77
452.43
845.99
1117.95
421.56

Thin 2 min CdS
BE (eV)
952.41
569.97
452.56
846.16
1118.19
n/a

Thin 2 min CdS
BE (eV)
412.17
618.54
872.43

Thick 6 min CdS
BE (eV)
412.29
618.62
872.54

Shift
+ 0.14
+ 0.20
+ 0.13
+ 0.20
+ 0.24
n/a
Shift
- 0.12
- 0.08
- 0.11

Table 4.4
Averaged shifts (in binding energy) for the Cu-poor and Cu-rich systems. The Curich system was quantified using core-level and Auger peak positions for the 0.5 min or 2 min
CBD intermediate buffer layer thickness samples.
Absorber
Buffer Layer
Cu-poor System 0.5 min
CBD intermediate sample
Cu rich System 0.5 min
CBD intermediate sample
Cu rich System 2 min
CBD intermediate sample

+0.10 ± 0.03 eV

-0.10 ± 0.08 eV

+0.02 ± 0.03 eV

-0.26 ± 0.08 eV

+0.18 ± 0.05 eV

-0.10 ± 0.02 eV

As anticipated, all investigated core-level lines associated with the absorber surface
showed a shift in energy with increasing buffer thickness. In summary, we find the averaged shifts
given in Table 4.4. For further analysis, the band bending corrections calculated for the 0.5 min
CBD CdS surface have been excluded from the remainder of the band alignment analysis because
the buffer layer is too thin to establish the shift in band bending in the absorber that is characteristic
of the full interface.
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4.3.4 Interfacial Band-alignment of CdS/Cu-poor vs Cu-rich Cu(In,Ga)S2
As previously discussed, the UPS and IPES measurements of the VBM and CBM of the CIGS
absorber and the fully formed CdS/CIGS sample need to be interpreted in light of any band bending
changes brought about during the interface formation in order to derive the complete electronic
interface structure. By combining the XPS data with the band-edge determinations from UPS and
IPES, a full depiction of the band alignment at the buffer/absorber interface is thus determined.
The resulting band alignment at the CdS/CIGS interface is depicted in Figure 4.10.
The CBMs, previously reported in section 4.3.2, were found at 1.01 ± 0.15 eV and 0.41 ±
0.15 eV, respectively. Furthermore, the VBMs were determined to be -0.60 ± 0.10 eV and -2.07 ±
0.10 eV, respectively, giving rise to a surface electronic band gap of 1.61 ± 0.18 eV for the Cupoor CIGS surface and 2.48 ± 0.18 eV for the CdS surface. Even after taking the interface-induced
band bending corrections (oval) into account, the observed CBMs for the CIGS and CdS surfaces

of the buffer lies below that of the absorber. This type of alignment can encourage electron -hole
recombination at the interface, which hinders device efficiency by potentially lowering the opencircuit voltage of the cell. Moreover, it has been shown that copper-poor (Se-based) chalcopyritebased absorber surfaces exhibit reduced interface recombination [9 ]. Another noteworthy
observation is the presence of sizable VBO (1.27 eV), which establishes a hole barrier a favorable
characteristic that prevents charge carrier recombination.
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CdS Surface

Interface
CBO:
0.40 eV

Eg: 2.48
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0.15 eV

1.01 eV
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0.60 eV
0.10 eV
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VBO:
1.27 eV
0.15 eV

EF

2.07 eV
0.10 eV

0.10 eV

0.10 eV
Figure 4.10 Schematic representation of the band alignment at the CdS/CIGS 2 interface for the
Cu-poor absorber surface. The far left and right depict the band edge positions at the CIGS and
CdS surfaces, respectively. In the center, the derived band alignment at the interface is shown after
taking interface-induced band bending changes (ovals) into account.
The observed CBMs for the Cu-rich CIGS and corresponding CdS surfaces show the

72

buffer lies above that of the absorber. This type of alignment gives rise to an energy barrier that
prevents electrons from migrating to the front contact. Nevertheless, it is still possible for electrons
to be thermally excited such that they are able to overcome a small spike in the conduction band
[10].

CIGS Surface
Eg: 0.95

0.18 eV

CdS Surface

Interface
CBO:
0.67 eV

Eg: 2.41

0.18 eV

0.15 eV

0.22 eV
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EF
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1.80 eV

0.10 eV

0.10 eV

0.18 eV

VBO:
0.79 eV
0.15 eV

0.10 eV

Figure 4.11 Schematic representation of the band alignment at the CdS/CIGS 2 interface for the
Cu-rich absorber surface.
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Neither of the two band alignments are conducive for efficient electron transport; as has
been shown, best-in-class CdS/CIGSSe devices typically e
alignments at the buffer layer/absorber interface [11-13].

4.3.5 Impact of Annealing on the CdS/Cu-rich Cu(In,Ga)S2 Interface
Annealing

a heat treatment that can induce changes in the microstructure (both in terms of

crystallinity and morphology) of a material is a step often taken during the fabrication of CIGSSebased absorbers in order to improve performance. In this section, we will be investigating the impact
on the chemical and electronic structure of a sulfurized CIG metal alloy film after the abovementioned annealing treatment. In particular, we will be investigating the band alignment of the
CdS/CIGS interface before and after an annealing treatment.
Fig. 4.12 shows the survey spectra of the full thickness (6 min CBD) buffer layer surface,
both non-annealed and annealed. All expected peaks belonging to the buffer layer (Cd and S core
levels and Auger lines) are present on the both surfaces, with the addition of small amounts of C
and O. Interestingly, for the annealed surface, we see the evolution of a unique oxygen signal
(~544 eV), as well as a significant shift in a number of absorber-related peaks.
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Figure 4.12 Al K XPS survey spectra of the full (6 min CBD) buffer layer thickness CdS
deposited on top of the Cu-rich CIGS absorber before and after annealing.

Fig. 4.13 (a) shows XPS detailed spectra before annealing. They show a typical O 1s peak
at ~532 eV and a small second species at ~540 eV, while the sample surface after annealing
exhibits a strong second peak at ~543 eV, an energy that has been previously assigned to gas (or
liquid) phase oxygen [14,15]. The evolution of such oxygen is likely induced by the elevated
temperatures associated with the annealing process. Additionally, the annealing process caused
considerable shifts in both core-level and Auger peak signals, which are shown in Figs. 4.13 (b)
and (c). The S 2p spectra exhibit a feature at ~169 eV, which is indicative of sulfate formation, the
and a shift of the core levels to lower binding energies. The same behavior is observed in the Cd
MNN Auger peak: the change in the depth of the
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an increase in the presence of an indium oxide species, but the Auger peak is, overall, shifting
towards higher kinetic energy. These findings suggest the presence of a combination of two effects
during the annealing step: formation of oxides AND significant change in the surface electrostatic
potential, hence leading to an overall (here: upward) shift of ALL energy levels.
XPS Mg K
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Kinetic Energy (eV)

Figure 4.13 (a), (b), and (c) Changes occurring due to the annealing process; (a) the generation
of a unique oxygen species at the surface, (b) sulfur-oxygen bond formation and upward shift, and
(c) Cd-oxygen bond formation and, again, upward shift.

UPS and IPES measurements were performed in order to derive the VBM and CBM of the
fully formed annealed CdS buffer layer surface. For the annealed CdS buffer layer surface, the
surface electronic band gap was determined to be 2.62 ± 0.18 eV. The corresponding surface
electronic band gap of the non-annealed CdS is found to be 2.41 ± 0.15 eV (and was previously
discussed in Section 4.3.2). In comparison, the electronic surface band gap of the annealed surface
is appreciable wider, which we ascribe to the presence of sulfate species in the layer.
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Figure 4.14 He I UPS (left) and IPES (right) spectra of the full buffer layer thickness CdS (6
min CBD) deposited on the Cu-rich Cu(In,Ga)S2
,
and the top spectra were taken for the annealed interface sample.

Again, additional factors must be considered in order to derive a complete description of
the interfacial band alignment, as shown in Section 4.3.3. Recall these changes are derived by
comparing the peak positions of the CIGS absorber core-levels to those of the intermediate
thickness buffer layer surface(s). Values are listed in Table 4.5.
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Table 4.5 Relative shifts of core-level and Auger peak positions of the full-thickness (6 min CBD)
annealed CdS buffer layer sample, and a CdS/CIGS sample of intermediate thickness (2 min
CBD). The average shift is computed to be -0.75 ± 0.03 eV.
Core
Level

Thin 2 min CdS
BE (eV)

Cd 3d3/2
Cd 3p3/2
Cd MNN

412.17
618.54
872.43

Thick 6 min CdS
BE (eV)
Annealed
412.96
619.25
873.19

Relative
Shift
-0.79
-0.71
-0.76

Regardless of the seemingly beneficial widening of the electronic surface band gap
attributed to the annealing process, after taking interface-induced band bending correction into
account, the band alignment at the interface proves deleterious. Fig. 4.15 depicts the resulting
electronic band alignment at the CdS/CIGS interface. The observed CBMs for the CIGS and

eV), whereby the CBM of the buffer lies far above that of the absorber. Recall that this type of
alignment represents an energy barrier that prevents electrons from migrating to the front contact.
The magnitude of this barrier cannot be overcome by thermal excitation. Furthermore, the observed
valence band offset (VBO) is unusually small typically a sizable VBO is favorable as it helps to
prevent hole diffusion.
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Figure 4.15 Schematic representation of the band alignment at the annealed CdS/CIGS2
interface involving the Cu-rich absorber surface.
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4.4

Summary

Presented in this chapter was an investigation of the CdS buffer formation, as well as a detailed
analysis into any variations in the chemical and/or electronic properties of the CdS/CIGS interface
contingent upon the underlying absorber substrate

be it Cu-poor or Cu-rich at the surface.

Chapter 3 began with an evaluation of the chemical and electronic properties of both Cu -poor and
Cu-rich Cu(In,Ga)S2-based thin-film absorber surfaces. Within the scope of Chapter 4, separate
sample series for each of the two absorber types were specifically designed to allow for the
determination of the electronic heterojunction structure, including the band gaps and the band
alignment at the interface. Each series consisted of a bare Cu(In,Ga)S2 thin-film absorber, along
buffer layer thickness samples, all of which were investigated by XPS, UPS, and IPES,
complemented by insights into the chemical properties using XES.
XPS measurements were employed to monitor for any additional band bending due to the
formation of the interface. UPS and IPES measurements were employed in order to identify the
valence band maximum and conduction band minimum of both the bare absorber and the fully
formed CdS/CIGS surfaces. UPS and IPES show small differences in the surface band gaps of the
CdS/CIGS, depending on the content of sulfur-oxygen bonds. Our analysis of the interfacial band
alignment, after consideration of any observed interface-induced band banding effects, shows that
the Cu-poor and Cu-rich derived CdS/CIGS interfaces exhibit significant differences. More
specifically, it was shown that having a Cu-rich absorber surface adversely impacts the band
-like conduction band
offset, whereby an energy barrier is established that inhibits electron transfer. This is in contrast to
the energetics of the Cu-poor v

-like
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conduction band offset, which unto itself is also considered a non -ideal alignment because it can
lead to interface recombination.
In addition, the impact of annealing on the chemical and electro nic structure of the
CdS/CIGS interface was investigated. In particular, XPS, UPS, and IPES measurements were
taken to investigate and quantify the changes in the relative band edge positions (and band
alignment) after the annealing process.
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CHAPTER FIVE
DESCRIPTION OF THE ELECTRONIC STRUCTURE OF CHALCOPYRITE ABSORBERS
FOR SOLAR WATER SPLITTING
5.1

Introduction

To further drive the optimization of materials for PEC devices, it is vital to gain an understanding
of the band edge positions of these materials and the corresponding band alignment at the
absorber/electrolyte interface, as they relate to the electrochemical potentials necessary for
efficient solar water splitting.
In this section, a variety of chalcopyrite-based thin-film absorbers with the potential for
use as a photoanode material in solar water splitting is presented. Several of them were produced
with a focus on photovoltaic applications, including the desire to develop wide -gap materials for
utilization in tandem devices. By using vacuum-based methods to determine the band edge
energies at the surface (discussed in Section 5.2), as well as the work function (Section 5.3), the
band edge energies can be visualized on an electrochemical energy scale relevant to PEC devices
(i.e., relative to the normal hydrogen electrode (NHE), Section 5.4). This allows for a direct
comparison with respect to the redox potentials for water splitting, across a multitude of
chalcopyrite variants, and offers immediate insights in terms of necessary future developments for
a potential use in PEC.
In order to correlate the vacuum-based measurements with an electrochemical energy
scale, a few underlying considerations and assumptions must be made. These considerations are
presented in Section 5.5. Section 5.6 will show the band edge data and resulting alignments for a
variety of chalcopyrite variants, which will be discussed and summarized in Section 5.7.
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5.2

Band edges

The PEC community customarily determines the VBM for p-type systems and the CBM for n-type
measurements involving standalone
electrodes [1]. This type of electrochemical measurement requires particular assumptions
regarding flatband conditions, in particular that an electrochemical potential can be applied that
removes the band bending at the surface of the absorber material, essentially compensating the
built-in electrostatic field induced by the surface itself. The complementary band edges, i.e., the
CBM for p-type systems and the VBM for n-type systems, are generally extrapolated from
optically-derived bulk band gap measurements, primarily using UV-Vis spectroscopy and a Tauc
plot analysis [2]. However, especially for chalcopyrite materials, it is quite common that the band
gap in the bulk differs significantly from that found at the surface [3-5]. In particular, surface band
gaps of chalcopyrite absorbers of high-efficiency solar cells are generally appreciably larger than
the corresponding optically-derived bulk band gap, among other things due to the modified
chemical structure at the absorber surface. While this fact points out a shortcoming in the current
electrochemical characterization approach, it also opens up a new optimization pathway: the
optical bulk band gap is the best description of the electronic structure responsible for the
absorption of solar photons, but the surface of the absorber forms the interface with the electrolyte
at which the electrochemical processes are occurring. If the electronic surface band gap can be
tailored separately, then this allows for a much more expansive optimization of the electrochemical
activity. To capitalize on this opportunity (and, of course, f or a correct description of the interface
energetics), it is therefore necessary to directly determine the band edge positions and electronic
band gaps at the surface, using XPS, UPS, and IPES [6].
Several requirements need to be emphasized prior to evaluating such energy level
considerations. For this purpose, Fig. 5.1 shows a schematic representation of a PEC device
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involving a (flat band) n-type semiconductor. Solar photons (not shown) excite electrons inside
the semiconductor, creating conduction band electrons and valence band holes. Electrons are
transferred to the Fermi energy of the metal back contact and (in the absence of a bias voltage) of
the counter electrode (dashed line, E F). As is evident from the plot, the Fermi energy needs to lie
above the H+/H2 hydrogen reduction potential to allow for spontaneous water splitting. Likewise,
holes need to be transferred to the H 2O/O2 water oxidation level from the VBM.

Figure 5.1
Schematic representation of a PEC device involving a flat-band n-type
semiconductor with a metal back contact (left), a metal counter electrode (right), and a n electrolyte
environment (center). The x-axis denotes the spatial separation of these three components, while
the y-axis represents the involved electron energies and electrochemical potentials. The levels in
the electrolyte region depict the redox potentials for water splitting, including an assumed
overpotential (increasing the required energy from 1.23 eV to 1.6 -1.7 eV). For further details see
text. Adapted from John Turner (National Renewable Energy Lab, NREL).
As a necessary condition, thus, the band edge positions need to straddle the redox potentials
for water splitting: the CBM needs to be above that of the hydrogen reduction potential, while the
86

VBM has to be sufficiently below that of the water oxidation potential. As a sufficient condition
(for an n-type semiconductor), it is actually the Fermi energy that needs to lie above the H +/H2
hydrogen reduction potential. These requirements are all met in the schematic diagram in Fig. 5.1.
Fig. 5.2 shows the same schematic representation, but now for a p -type (flatband) device. Note
that the current now flows in the opposite direction, but that most of the energetic considerations
discussed above still hold true: as a necessary condition, th e band edges of the semiconductor need

Fermi energy must now lie below the water oxidation potential.

Figure 5.2
Schematic representation of a PEC device involving a flat-band p-type
semiconductor. For further details see text. Adapted from John Turner (National Renewable
Energy Lab, NREL).
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For a true chalcopyrite solar device, the energy level depictions in Figs. 5.1 and 5.2 need
to be further refined, as sketched in Fig. 5.3. In the bulk, chalcopyrite materials are generally
considered to be p-type [7,8], with a significant downward band bending towards the surface that
allows for efficient charge carrier separation (and makes chalcopyrite PV devic es so efficient).
Furthermore, it is now commonly accepted that highly efficient devices typically have a different
composition at the surface (Cu-poor, see discussion in Chapters 3 and 4, leading to a widened band
gap), and hence chalcopyrite surfaces are

-

3]. This is an

oversimplification the correct description of chalcopyrite surfaces includes the downward band
bending and the widened band gap as well as.

Figure 5.3
Schematic representation of a wide-gap chalcopyrite PEC device involving a p-type
bulk absorber, a significant surface band bending, as well as a band gap widening towards the
surface of the absorber. For further details see text.
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-type, i.e., generally with a Fermi
energy closer to the CBM than to the VBM, but that is not a result of doping (as suggested by the
surface.
These features are all incorporated in Fig. 5.3, including the downward band bending and
g,bulk

g,surf

from Fig. 5.3, the (bulk) band gap of the chalcopyrite layer needs to be rather wide to fulfill the
above-mentioned criteria for a p-type absorber: band edges that straddle the redox potentials for
water splitting (as a necessary condition), and the Fermi energy lying below the water oxidation
potential. None of the compositions for chalcopyrite absorbers generally used in PV cells possesses
such a wide band gap, but many promising pathways exist, including the increase of Ga and/or S
content and the alloying with additional elements that promise wider band gaps (such as Ag).
Furthermore, individual cells could be stacked (e.g., in a tandem configuration) to achieve higher
open circuit voltages.
This chapter presents chalcopyrite materials that either were optimized for PV applications
or represent a first step in the development of wide-gap chalcopyrite materials specifically
dedicated to PEC. To illustrate the challenges that lie ahead, Fig. 5.4 gives a representation of a
chalcopyrite PEC device that will not spontaneously split water (see the path blocked by the red

the Fermi level clearly lies above the water oxidation potential

this is due to the fact that the

(smaller) bulk band gap was deliberately optimized for PV solar spectrum utilization, rather than
for straddling the PEC redox potentials.
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Figure 5.4
Schematic representation of a PV-grade small-gap chalcopyrite absorber in a PEC
device involving a p-type bulk absorber, a significant surface band bending, as well as a band gap
to reach the water oxidation potential; this device will hence not spontaneously split water. For
further details see text.

One further scenario will also be seen in our data, namely that the Fermi energy will even lie above
the hydrogen reduction potential. While this is a stable configuration for the chalcopyrite/vacuum
interface probed in this dissertation, it will not be stable at the chalcopyrite/electrolyte interface.
In the latter case, charge equilibration will occur until the Fermi energy is at least equal to the
hydrogen reduction potential, hence being essentially described by Fig. 5.4.
Note that the electronic structure of a CIGS device towards the (commonly employed) Mo
back contact is also significantly more complex than described in the discussed figure s

for a

detailed description please see [9-12]. Nevertheless, the complex structure primarily is designed
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and empirically optimized to facilitate charge carrier transport across the interface and will not be
further considered here.
To now obtain data and develop descriptions that can be compared to the models in Figs.
5.1 5.4, several experimental data points need to be collected. First of all, the surface VBM needs
to be determined with respect to the Fermi energy, which can be readily achieved by a UPS
measurement of the relevant surface. Likewise, IPES can be employed to determine the CBM with
respect to the Fermi energy. Combining VBM and CBM also allows for a determination of the
electronic surface band gap, as well as the position of the Fermi le vel within the gap. To
complement the data set, the work function of the surface needs to be determined, in order to
describe the electronic surface structure in reference to the vacuum level. This will be discussed
in the following section.

5.3

Work Function and Vacuum Level

Drawing a correlation between band edge positions and the energy levels relevant for water splitting (in aqueous solution) requires first expressing them with respect to the vacuum level. This
can be done by extrapolating the secondary electron cutoff (SEC) measured with electron
spectroscopy (with UV or x-ray excitation). The concept of the work function
introduced in Section 2.2.4. It is the minimum energy necessary to remove an electron from inside
a material and place it, at rest, at a point just outside the surface (i.e., into the vacuum level). The
work function is thus the energy difference between the vacuum level and the Fermi energy at the
surface
surface of a solid; sometimes, this is erroneously defined as being infinitely far away (which would
violate the second law of Thermodynamics, as different crystallographic facets of the same crystal
can exhibit different work functions). Nevertheless, the distance needs to be such that the electron
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no longer experiences any direct interactions with the surface but is still close to the surface relative
to the edges of the particular crystallographic surface facet.
The Fermi energy is a quantity that is derived from statistical equilibrium considerations.
At T = 0 K, it is identical to the chemical potential, i.e., the energy required to add another electron
to the many-electron system. For a metal, it corresponds to the lowest unoccupied electronic level.
In the bulk of an undoped semiconductor, it is found at mid -gap, while n-type doping shifts the
Fermi energy upwards, i.e., towards the conduction band minimum. Likewise, p-type doping shifts
the Fermi energy downwards, i.e., towards the valence band maximum. The work function can be
thought of as a measure of the potential energy barrier found at the surface of a solid that prevents
electrons from escaping into vacuum and is comprised of the chemical potential and a surface
dipole that accounts for the broken symmetry at the surface.
The work function can be directly derived from a photoemission spectrum, as it not only
contains directly emitted electrons from the core levels and/or valence band, but also a background
of inelastically scattered and secondary electrons. These include the slowest electrons emitted from
the surface, and a linear extrapolation of the SEC thus gives a precise determination of the work
function. It should be emphasized again that the work function is not, in itself, a materials property;
rather, it is a surface property, describing the particular surface under study. Nevertheless, crystals
of different elements on the periodic table show trends in the work function of their different
crystallographic surfaces. For example, alkali and earth-alkali metals generally show significantly
smaller work functions than noble metals. Work function values are extremely sensitive to the
presence of surface adsorbates, defects, and impurities, and, as mentioned above, vary from one
crystallographic surface orientation to another, such as (111) vs. (011) [13-15].
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5.4

The Normal Hydrogen Electrode (NHE)

In order for the derived VBM and CBM to give insights into the operation of corresponding PEC
devices, their values must be analyzed relative to the redox potentials for water splitting. This is
possible by combining the work function and the absolute potential of the normal hydrogen
electrode (NHE). Per recommendations provided by the International Union of Pure and Applied
Chemistry [16], the following expression is used to align the energy scales of the NHE and the
vacuum level reference:
E(NHE)

4.44 eV ± 0.02 eV = Evac = EFermi

Eq 5.4.1

-4.44 eV) is the absolute potential of the NHE.
An energy diagram computed from these coupled energy scales directly shows whether a particular
electrochemical half reaction at the surface of the semiconductor is even thermodynamically
feasible. As discussed above: it is a necessary, but not sufficient, condition that the CBM has to be
at an energy above that of the H +/H2 reduction potential for photogenerated electrons to be able to
participate in hydrogen reduction. Furthermore, photogenerated holes will only be able to
participate in water oxidation if the VBM lies sufficiently below the H 2O/O2 oxidation potential.

5.5

Energy Level Considerations

With regards to deriving band edge positions relative to the NHE, there are two notable
considerations which need to be addressed. First, one could ask whether the energetics of the
absorber surface will change in the presence of an electrolyte, i.e., whether there are differences in
absorber surface band bending between the absorber/vacuum interface versus the
absorber/electrolyte interface. The latter interface involves an additional element of complexity in
the presence of an electrical (Helmholtz) double layer (EDL) [17]. A second consideration must
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be given to the effects of changing the pH, as the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER) potentials are typically reported for pH = 0 . pH = 0 corresponds
to the [H+] concentration first adopted for the standard and normal hydrogen electrodes, SHE and
NHE, respectively (which only differ in assuming ideality of the involved solution ). Thus, an
experiment at a pH value different than zero will require a correction of the NHE energy scale,
approximately by 60 meV per unit of pH [18]. Since the desired pH value for a given chalcopyrite
PEC cell is a priori not known, we will represent all energy diagrams under the assumption of pH
= 0 for connecting the NHE scale and the vacuum level scale. A complete description then would

a similar experiment in electrolyte and under operando conditions.
It has indeed been previously reported that the band bending at a solid/vac uum interface
can differ from that of a solid/electrolyte interface [6]. This is due to the formation of the EDL,
which can be described as an array of oriented dipoles at the solid/electrolyte interface. The EDL
consist of two layers. The inner layer, i.e., the layer closest to the electrode, contains solvent
molecules and specifically adsorbed ions. Because of the large dipole moment of water, a solvation
cloud exists around all ions in solution. This solvation cloud hinders ions from coming within a
few Angstroms of the surface [17]. The region of space spanning between these specifically
adsorbed ions and those ions closest in solution is called the inner Helmholtz layer. Just as the
surface of a semiconductor will exhibit a surface dipole when in vacuum, a dipole can also manifest
at the surface in the presence of an electrolyte, causing an additional band bending at the interface
due to electrostatic interactions between the electrolyte and the absorber surface [4,19,20]. The
charges found at the surfac
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to select surface states, and specifically adsorbed ions. Counter charges are provided by the solid,
either as ionized donors or acceptors, and oppositely charged ions in the solution.
It should be noted that the Helmholtz double layer and its dipolar in teraction with the
absorber surface, thus, do not fundamentally differ from the changes induced by a modification of
the surface dipole, e.g., by adsorbates, modifications of surface state occupancy, or other dipole
modifications. It will thus depend on the specific characteristic of the absorber surface whether
this dipole modification will lead to additional band bending. If the Fermi level at the surface is

charges, and/or if the surface dipole is not substantially modified by the EDL formation, then no
significant additional band bending needs to be taken into account. In the case of chalcopyrite
absorbers, this effect is rather small, as judged from the additional band bending in the absorber
induced by the deposition of various buffer layers in photovoltaic devices (including CdS and
Zn(O,S)). In all of these cases, interface-induced band bending changes in the absorber were small,
typically on the order of 0.1 eV or less [5, 21, 22].

5.6

Photoelectrochemical (PEC) Plots

For an all-experimental description of the electronic structure of PEC candidate materials, we now
follow the approach described in [23] and [24]. First, we collect He II UPS and IPES spectra of
the valence band and conduction band region, respectively. A linear extrapolation of the leading
edge is employed to determine the VBM and CBM. For a justification of this approach, please
refer to Gleim et al. [25]. From the He I UPS spectrum, we furthermore determine the secondary
electron (SE) cut-off to derive the work function. All of these energies are then given with respect
to the Fermi energy of the experimental system, as determined with a reference Au foil. This allows
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the depiction of all three spectra on the same energy scale. An example of this is shown in Fig. 5.5
(left, top), which shows the valence and conduction bands, as well as the SE cut-off, for a CuInSe2
thin film surface. The data is taken, in part, from Morkel et al. [4], which represents the first
publication of the Heske group in a series of Cu(In,Ga)(S,Se)2 (abbreviated as CIGSSe) studies
using UPS and IPES. This series was initiated in a collaboration between the University of
Würzburg, Germany, and
the band alignment at the buffer/CIGSSe interface.
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Figure 5.5 (left) UPS (left) and IPES (right) spectra of a CuInSe 2 (CISe) Siemens & Shell Solar
(now Avancis) absorber surface, as measured by Morkel et al. in 2001 [4]. The VBM and CBM
were determined by linear extrapolation of the leading edges after a series of 500 eV Ar + ion
sputtering treatments. The electronic band gap at the surface was found to be 1.4 (± 0.15) eV. The
secondary electron cutoff, as measured by UPS, is shown in the lower right corner. A work
function of 4.30 (± 0.05) eV was derived by linear extrapolation [26]. Below the graph, a schematic
representation of the band edges and the vacuum level (VL) is given. (right) VBM and CBM of
the Siemens CISe absorber surface, depicted relative to the Fermi energy, the vacuum level, and
the normal hydrogen electrode (NHE). Error bars for the VBM and CBM are shown in gray. The
water oxidation and hydrogen reduction potentials are drawn for comparison.
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The work function for this particular surface was derived in [26]. The bottom left sketch in Fig.
5.5 (left) shows a schematic representation of the experimental results for this CISe (i.e., CuInSe2)
absorber surface, including the VBM, CBM, and VL energies with respect to the Fermi level.
The Morkel measurements, for the first time, gave direct evidence for a widened band gap
at the surface of high-efficiency chalcopyrite absorber films, as postulated by Schmid et al. [3].
The expected optical bulk band gap for a CISe surface is 1.04 eV [27],
a surface band gap of 1.4 eV, as shown in Fig. 5.5 (left). The VBM was found 0.79 eV below the
Fermi energy, while the CBM was found 0.61 eV above E F . The work function is 4.30 eV.
The Morkel CISe sample [4] was taken from the Siemens & Shell Solar base line process
[28], involving rapid thermal annealing/processing (RTP) of elemental layers onto Mo -coated
soda-lime glass. The CISe absorber does contain Ga in the bulk, but only trace amounts were found
near the surface a common finding for absorbers prepared by the RTP process.
To now gain insights into the utilization as a PEC material, we will transition to different
energy scales, first to the vacuum level scale, and then to the NHE scale. This will be discussed
for the Avancis CISe absorber from the Morkel paper, but we note that this absorber was not
designed (nor will be suitable) for spontaneous water splitting. Nevertheless, it is the first complete
all-experimental depiction of the electronic surface structure of a chalcopyrite solar absorber, and
approach, as shown in Fig. 5.5 (right).
First, we employ the experimental work function (4.30 eV in this case) to shift the
. EF

Vacuum

hence an approximation for any description of a solid-liquid interface, and certainly not a valid
description inside the bulk of the solar absorber.
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Next, we use Eq. 5.4.1 to relate the vacuum level to the Normal Hydrogen Electrode,
following the IUPAC recommendation discussed in Chpt. 5.4. In doing so, we depict the band
edge positions in relation to the redox potentials for water splitting at normal conditions. In the
case of the Avancis/Morkel CISe surface, the CBM lies 0.73 eV above the H +/H2 reduction
potential, while the surface VBM lies 0.59 eV above the H2O/O2 oxidation potential. Furthermore,
the Fermi level of the cathode is higher than that of the H+/H2 reduction potential.
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Figure 5.6 (left) UPS (left) and IPES (right) spectra of a Siemens & Shell Solar (now Avancis)
CISSe absorber surface, as measured by Weinhardt et al. in 2001 [5]. The secondary electron cutoff
(bottom right) is also given [29]. Linear extrapolation of the leading edges are shown to determine
the VBM, CBM, and work function (vacuum level) values (depicted schematically below the
graph). (right) PEC plot of the CISSe sample surface, based on the data presented on the left.

This surface is hence best described by the schematic representation in Fig. 5.4, and the overall
configuration will not be suitable as a PEC device (by itself). This is not surprising, as the observed
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band gap, even if it is wider than expected from optical bulk band gap measurements, is too narrow
for providing the necessary potential difference for water splitting plus the required overpotential
to drive the reaction. Compositional variation of the CIGSSe absorber will be required to produce
materials with wider band gaps, and to drive them towards a straddling of the redox potentials, as
discussed above as a necessary condition for spontaneous water splitting.
One possibility to modify the (bulk) band gap is to incorporate S into the chalcopyrite
lattice, which is expected to increase the bulk band gap up to 1.4 eV, depending on the S/(S+Se)
ratio (SSE ratio) [30]. A priori, it is not directly evident whether the (indeed observed) increase in
bulk band gap will also translate into a (further) increased surface band gap as well. In fact, as
found by Weinhardt et al. in 2001 [5], this is not the case for the Siemens & Shell Solar CISSe
absorber surface: the UPS and IPES data shown in Fig. 5.6 (left) clearly indicate an electronic
surface band gap of 1.4 eV, as in the S-free case. Furthermore, the same work function (4.30 eV)
is found [29], and hence the PEC plot for CISSe (Fig. 5.6 (right)) is very similar to the one of CISe
in Fig. 5.5, with the small difference of a 0.1 eV downward shift of the VBM and the CBM (w.r.t.
EF, and hence also w.r.t. the vacuum and NHE energy scales). Note that the CISSe sample was
again taken from the Siemens & Shell Solar base line process, prepared by RTP of elemental layers
on Mo-coated soda-lime glass, followed by annealing in a sulfur-containing atmosphere. The bulk
of the CISSe absorber again contains Ga, but the Ga content at the surface is negligible. Note also
that it is difficult to quantify the SSE ratio for this kind of absorber, since sulfur is incorporated
into the surface after the film growth, and hence a significant S gradient exists [31].
As in the case of the Siemens & Shell Solar CISe absorber (Fig. 5.5), the PEC plot does
not depict a device suitable for spontaneous water splitting. Again, this is not necessarily
surprising, as this particular absorber surface was optimized for high -efficiency thin-film PV
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modules (with current record efficiencies up to 17.9 % for modules with an aperture area of 622
cm2 [32]). Furthermore, an improved description of a solid/electrolyte interface (as opposed to the
here-measured solid/vacuum interface) will also need to include a charge equilibration that will
likely lower the Fermi energy in comparison with the redox potentials.
In addition to varying the SSE ratio, chalcopyrites offer another approach to widening the
band gap by modifying the Ga/(Ga+In) (GGI) ratio, independently of the SSE ratio. In fact, one of
-film PV is a meticulous optimization of the GGI
ratio throughout the depth of the absorber [in addition to performing a KF post-deposition
treatment (KF PDT), similar to the RbF treatment described below] [3 2]. For a pure CGSe, an
optical bulk band gap of 1.68 eV is reported [30]. Best PV efficiencies are generally reported for
a GGI ratio near ~ 0.3.
As a first example for a Ga-containing surface, Fig. 5.7 depicts the electronic surface
structure of a CIGSe absorber, prepared by the German Zentrum für Solarenergie - und
Wasserstoff-Forschung (ZSW) [33,34]. The ZSW, up until recently [35], held the world-record in
CIGSSe PV efficiency by introducing a RbF post-deposition treatment (RbF PDT). The data
shown in Fig. 5.7 was taken for the (sulfur-free) CIGSe absorber surface, world-record grade, but
without the RbF PDT treatment [36,37]. The ZSW CIGSe absorber is prepared by co-evaporation
of Cu, In, Ga, and Se onto a Mo back contact [33,34], i.e., with a process that differs from the RTP
process discussed so far. While the co-evaporation process typically leads to higher efficiencies,
RTP processing promises greater upscaling capabilities.
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Figure 5.7 (left) UPS and IPES spectra, as well as the secondary electron cutoff of the ZSW CIGSe
absorber surface, together with a schematic depiction of VBM, CBM, and VL energies; (right)
corresponding PEC plot.

As can be seen in Fig. 5.7 (left), the inclusion of Ga does indeed widen the band gap at the
absorber surface a surface band gap of 1.46 (± 0.11) eV is found; the surface VBM is determined
to be 0.82 eV below the Fermi energy, while the CBM lies 0.64 eV above EF. With a work function
of 4.46 eV, the transformation to the vacuum level and redox energy scales yields a Fermi energy
that essentially coincides with the H+/H2 reduction potential, as shown in Fig. 5.7 (right). The
surface VBM lies 0.30 eV above the H2O/O2 oxidation potential, which is roughly 0.3 eV less than
for the CISe absorber surface described in Fig. 5.5. While this would also not enable spontaneous
water splitting, it nevertheless suggests that Ga surface inclusion might be a more promising
pathway towards a suitable PEC plot than the alloying with sulfur (shown in Fig. 5.6).
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Figure 5.8 (left) ZSW CIGSe absorber with a RbF PDT treatment: UPS and IPES spectra, as well
as the secondary electron cutoff, together with a schematic depiction of VBM, CBM, and VL
energies; (right) corresponding PEC plot.

For illustrative purposes, we also present and discuss the ZSW CIGSe ab sorber surface after a RbF
PDT treatment [36]

the results are shown in Fig. 5.8. Again, the absorber was prepared by co-

evaporation of Cu, In, Ga, and Se onto a Mo back contact, and then further treated with an RbFPDT. While the electronic surface band gap is not affected (by less than 0.05 eV), two main effects
are found [36,37] and can be seen in Fig. 5.8 (left). First of all, compared to the absorber without
RbF-PDT, the band edges are shifted downwards by ~0.1 eV. In [36], it is furthermore reported
that they additionally shift downward upon interface formation with a CdS buffer, suggesting a
passivation of surface defects that would otherwise pin the Fermi level at the values found for the
solid/vacuum interface. Secondly, the observation of residual Rb on the surface explains the
observed substantial reduction of the work function, from 4.46 eV to 3.87 eV. This is a common
find for alkali-covered surfaces [38] and has significant impact for the PEC plot in Fig. 5.8 (right).
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We note, however, that a surface decoration with alkali-containing compounds will likely not be
a viable pathway for PEC devices involving a solid/electrolyte interface. While the interaction
between alkali atoms and water on a CIGSSe surface is very complex [39], one of the main effects
is a removal of the alkali atoms into the solution environment. Nevertheless, it is instructive to
investigate the impact on the PEC plot in detail, as given in Fig. 5.8 (right). Now, the surface CBM
lies 1.1 eV above the H +/H2 reduction potential, while the surface VBM lies 0.71 eV above the
H2O/O2 oxidation potential. Due to the significant difference in work function, the VB edge is
shifted further away from the water oxidation potential, and the Fermi level is found significantly
above the H+/H2 reduction potential.
The observed effect also suggests a new pathway for potential optimization of chalcopyrite
surfaces for PEC, and furthermore gives a new point of view for the conceptual visualization of
how surface properties (or properties at the solid/vacuum interface) transition to properties at the
solid/electrolyte interface. While chalcopyrite surfaces typically exh ibit work functions in the
range of 4.0-4.5 eV (as in the cases discussed so far), a combination of ion-sputter/annealing cycles
can lead to work functions above 5 eV [13]. Conversely , separate alkali or water adsorption (in
UHV) lead to a reduction in work function, while co-adsorbed water molecules can, in turn,
diminish the magnitude of the alkali-induced work function reduction [40]. This shows the unique
nature of water molecules (and hence the Helmholtz double layer) to accommodate and alter the
orientation of their dipoles to the electrostatic environment at surfaces and interfaces.
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Figure 5.9 (left) Avancis 2018 CIGSSe absorber surface: UPS, IPES, secondary electron cutoff,
and a schematic depiction of VBM, CBM, and VL; (right) corresponding PEC plot.
Next, we focus on CIGSSe, i.e., a combination of incorporating S and Ga at the surface.
Courtesy of Dirk Hauschild, Institute for Photon Science and Synchrotron Radiation (IPS) at the
Karlsruhe Institute of Technology (KIT), and in collaboration with AVANCIS GmbH, Germany,
a recent investigation of a novel CIGSSe surface is presented in Fig. 5.9.
As could be surmised for a combination of three effects for band gap widening, namely Sand Ga-alloying, as well as the formation of a Cu-poor surface region, the observed electronic
surface band gap is, indeed, wider than any of the surface band gaps discussed so far. With a VBM
at -0.89 eV and a CBM at 0.70 eV, a surface band gap of 1.59 (± 0.11) eV is derived. With a
relatively large work function (4.72 eV), the Fermi energy is now found between the water splitting
redox potentials, and they, in turn, are (barely) straddled by the valence (0.02 eV below the H 2O/O2
oxidation potential) and conduction (0.47 eV above the H +/H2 reduction potential) band edges,
fulfilling the necessary conditions for spontaneous water splitting. Since the Fermi level is still ~1
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eV above the H2O/O2 oxidation potential, the sufficient condition for spontaneous water splitting
is not fulfilled.
This example outlines a promising strategy towards optimizing chalcopyrite materials for
solar water splitting, namely to combine various approaches to (a) increase the bulk/surface bands
gap of the material (such as alloying with S and Ga, but maybe also other elements such as Al [40],
Ag [41] or B [42]), and (b) modify the surface to achieve a large work function. In approach (a),
it even appears possible to combine different alloying approaches (i.e., simultaneous S and Ga
alloying) for favorable results.
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Figure 5.10 (left) Spectra and analysis of a CIGS absorber surface manufactured by the Florida
Solar Energy Center (FSEC) in 2005 [46]: UPS, IPES, secondary electron cutoff, and a schematic
depiction of VBM, CBM, and VL; (right) corresponding PEC plot.
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structure
representation was given by Lothar Weinhardt in 2005 [42,43]. The spectra, their analysis, and the
corresponding PEC plot are shown in Fig. 5.10. The samples were prepared by the Florida Solar
Energy Center (FSEC, PI Dr. Neelkanth Dhere) in a two-stage process [45]. In the first step, Cu,
Ga, In layers were sputter-deposited onto Mo-coated stainless steel foils. In the second step, the
metal alloy was sulfurized by rapid annealing in a H 2S atmosphere. Afterwards, the sample
surfaces were etched in KCN solution [46], leaving a K-containing residue on the surface.
As for some of the alkali-covered examples shown and discussed above, the work function
of this surface is relatively small (4.30 eV), and hence the CBM and VBM positions are also
+ /H

2

reduction potential, and

the VBM is found 0.47 eV above the H2O/O2 oxidation potential). As compared to all previous

system might be particularly suitable for PEC applications. Nevertheless, the work function will
need to be monitored and optimized (maximized), which is in direct opposition to the need of
removing copper sulfide phases by KCN etching after absorber growth [44,46].
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Figure 5.11 (left) HNEI CIGS
absorber surface, also previously discussed in Chpt.
3: UPS, IPES, secondary electron cutoff, and a schematic depiction of VBM, CBM, and VL;
(right) corresponding PEC plot.

This observation now leads us to two custom-tailored solar absorbers that present the first
step of an optimization process towards chalcopyrites for PEC applications. Grown by HNEI and

Ga alloying and careful KCN etching. As a reminder, HNEI CIGS samples were prepared by coevaporation with Cu, In, and Ga during a first step, with additional Cu being deposited in second
step. The metal alloy was then sulfurized in a nitrogen environment at elevated temperatures (600
°C). Lastly, samples were etched in a KCN solution. At the surface, the GGIs were determined to
-

-

-

In both cases, the absence of residual K (and Na) on the surface leads to a relatively large
work function (4.76 and 4.81 eV, respectively), resulting in a Fermi level position significantly
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below the H+/H2 reduction potential. However, the band gaps are not as wide as was hoped for
the Cu-poor surface shows a band gap of 1.61
eV, while the Cu-rich surface exhibits an unusually narrow band gap of 0.95 eV. While the former
might be due to the smaller-than-optimal GGI (0.28) or a lesser degree of Cu-deficiency at the
surface, the latter is ascribed to the presence (or, more precisely, the incomplete KCN -induced
removal) of copper sulfides at the surface, as discussed in Chpt. 3.
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Figure 5.12 (left) HNEI CIGS
absorber surface, also previously discussed in Chpt.
3: UPS, IPES, secondary electron cutoff, and a schematic depiction of VBM, CBM, and VL;
(right) corresponding PEC plot.
Consequently, neither of the two surfaces represents a drastic improvement in the PEC
plot, for reasons that are different for the two different surfaces. In the case of the Cu -rich surface,
the narrow band gap clearly indicates that copper sulfides are not suitable candidates for PEC
applications (not at all unexpected). Here, the recommendation must be to ensure complete
removal of such species by the KCN etch (and, subsequently, complete removal of the K containing species by adequate rinsing steps or by the electrolyte in a PEC device). For the sample
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with the Cu-poor surface, Fig. 5.11 suggests that further improvement can be achieved with a wider
band gap (i.e., with a higher GGI ratio, other alloying partners, or, possibly, further Cu depletion),
and also with an enhanced surface band bending, shifting the band edges downwards compared to
the Fermi energy. This can possibly be achieved by additional surface engineering (i.e., beyond
simple KCN etching and rinsing) to passivate surface defects that otherwise pin the Fermi energy,
and to introduce additional charges at the semiconductor surface that lead to an additional
-

5.7

Summary

In this Chapter, the electronic surface level positions of several chalcopyrite -based thin-film
absorbers (CISe, CISSe, CIGSe, CIGSSe, and CIGS) for PEC water splitting have been presented.
For efficient PEC water splitting, the material must exhibit suitable surface band edge positions at
each respective electrode surface; the conduction band minimum for hydrogen evolution and the
valence band maximum for oxygen evolution. Here, the role of surface band positions in PEC
devices and how these band edge positions might be optimized with respect to the energy potentials
necessary for water splitting have been evaluated. The surface energetics, including the valence
and conduction band edges, as well as the work function, were directly measured under vacuum
conditions using complimentary ultra-violet and inverse photoemission. By measuring the work
function at the surface, the band edge positions were correlated to an electrochemical energy scale
and discussed on the basis of the reduction and oxidation potentials necessary to drive PEC water
splitting. Band edge positions are initially measured with respect to Fermi level, then can be plotted
with respect to the vacuum level (possible by having measured the work function under vacuum
conditions), and, finally, on an energy scale relative to the normal hydrogen electrode (NHE). The
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latter allows for a direct comparison of many chalcopyrite variants with respect to the redox
potentials necessary for solar water splitting.
The majority of the energy diagrams show a CBM well above the H +/H2 hydrogen redox
potential but exhibit a VBM above that of the H 2O/O2 water oxidation potential. Though the band
gap of the majority of the aforementioned chalcopyrite-based materials is currently too small for
standalone water splitting, there are several promising pathways (and material candidates) that
could become well suited for unassisted water splitting. For example, this may be achieved by
adding another interface, whereby the valence band of one material overlaps with the conduction
band of another, or by widening the band gap of the material, e.g., with the addition of elements
like aluminum, silver, or boron efforts currently being pursued by our collaborators at HNEI.
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CHAPTER SIX
CONCLUDING REMARKS
Hydrogen is an important resource and chemical commodity. Nevertheless, there remains a need
to identify avenues for developing clean, renewable, and sustainable sources of hydrogen.
Photoelectrochemical (PEC) water splitting is a promising candidate that continues to receive
growing attention, yet it still requires further material advancements and optimization before it can
become a

-growing energy demands. In this dissertation, the

chemical and electronic properties of chalcopyrite-based thin films for PEC water splitting were
investigated. Chalcopyrites are considered tried-and-true materials in the photovoltaic (PV) world,
as they have tunable electronic properties and already possess an appreciable overlap with the so lar
spectrum. Touted as being among the best contenders of current solar cell technologies, the
chalcopyrite-based solar materials previously utilized in PV devices are now being tailored for
integration into PEC water splitting devices.
In this dissertation, the chemical and electronic structure of Cu(In,Ga)S2 based thin films
and their interfaces to CdS buffer layers were investigated by a number of different soft x -ray and
electron spectroscopy techniques. These techniques included XPS and XES for the determination
of the surface and near-surface chemical composition, respectively, as well as complementary UPS
and IPES for the derivation of the surface electronic band gap. One of the ultimate goals of these
experiments was to derive the electronic surface and interface structure, including the band
alignment, at the CdS/CIGS buffer/absorber interface. The experimental results provide valuable
information about this heterojunction, including the valence and conduction band offsets, as well
as the electronic surface band gaps. This information will help researchers overcome the
challenges of chalcopyrites as viable PEC materials.
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Chapter 3 investigated the chemical and surface electronic properties of a Cu-poor and a Cu-rich
sulfur-based chalcopyrite (CIGS) absorber. Results were compared and contrasted, revealing
differences in the band edge positions that ultimately affect the electronic band alignment between
the absorber and the buffer layer. For the Cu-poor CIGS absorber surface, an electronic band gap
of 1.61 eV ± 0.18 was determined. For the Cu-rich CIGS absorber surface, we find an electronic
surface band gap of 0.95 ± 0.18 eV

an unusually small band gap for chalcopyrite-based solar

absorbers, hypothesized to be due to the higher Cu content at the surface.
In Chapter 4, a discussion of the interfacial band alignment formed between cadmium
sulfide and both a Cu-poor and Cu-rich CIGS2 absorber was presented. Corresponding CdS band
gaps are 2.41 ± 0.18 eV for the Cu-poor absorber surface and 2.48 ± 0.18 eV for the Cu-rich (when
ignoring the defect states). The resulting band alignment at the CdS/CIGS interface for the Cu poor system, even after taking interface-induced band bending corrections into account, exhibits

the absorber. This particular type of band alignment can encourage electron-hole recombination at
the interface, which has been shown to reduce device efficiencies by potentially lowering the opencircuit voltage of the cell. In contrast, the Cu-rich
conduction band, whereby the CBM of the buffer now lies above that of the absorber. This type of
alignment is also disadvantageous, as it gives rise to an energy barrier for electrons to reach the
front contact.
In Chapter. 5, we correlated experimentally determined values to an electrochemical
energy scale pertinent to that of a complete PEC device, and showed the importance of
understanding the band edge positions and band alignment, as they relate to the reductionCu(In,Ga)(S,Se)2
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absorbers were presented in an effort to understand the electronic structure at the surface of a
material and its interface with an electrolyte, and to derive guidelines for further optimization of
chalcopyrite thin film materials for their use as solar water-splitting materials.
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APPENDIX
ABBREVIATIONS & SYMBOLS
Modified Auger parameter
ALS

Advanced Light Source, Lawrence Berkeley National Laboratory

AM 1.5

Air-mass 1.5

BE

Binding Energy

CB

Conduction Band

CBD

Chemical Bath Deposition

CBM

Conduction Band Minimum

CdS

Cadmium Sulfide

CIGS

Cu(In,Ga)S2

CIGSe

Cu(In,Ga)Se 2

CIGSSe

Cu(In,Ga)(S,Se)2

DI

De-ionized

EF

Fermi level

Eg

Band gap

Evac

Vacuum level

FAT

Fixed Analyzer Transmission

FWHM

Full-Width at Half-Maximum

HNEI

Hawaii Natural Energy Institute
Photon energy

IPES

Inverse Photoemission Spectroscopy

KE

Kinetic Energy

NREL

National Renewable Energy Laboratory

PDT

Post-Deposition Treatment

PV

Photovoltaic

PVD

Physical Vapor Deposition

Si

Silicon
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TCO

Transparent Conductive Oxide

UHV

Ultra-High Vacuum

UPS

Ultraviolet Photoelectron Spectroscopy

VB

Valence Band

VBM

Valence Band Maximum
Work function

XAES

X-ray-excited Auger Electron Spectroscopy

XES

X-ray Emission Spectroscopy

XPS

X-ray Photoelectron Spectroscopy
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